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ABSTRACT: A reyiew of ablation technology i s  carried out t o  
assess the present s t a t e  of the a r t  and point out areas i n  
which further research i s  required for  planetary entry heat 
shields. Analyses and t e s t  techniques which have been 
developed to t r e a t  heat shields for  Earth entry with combined 
radiative and convective heating are  reviewed. With the 
lessons learned fromEarth-entry research i n  mind, the work 
carried out t o  date for entry in to  various planetary  atmosphere^ 
i s  reviewed and technological problem areas a re  discussed. I n  
defining significant phenomena, various mechanisms and 
processes a re  discussed and the i r  re la t ive  importance i s  
i l lus t ra ted  by describing the analysis of a manned planetary- 
return Earth entry. I n  discussing the work t o  date on plane- 
tary entry,two broad categories of research are  considered: 
(1) entry into tenuous atmospheres and (2) entry in to  the dense 
atmospheres of Venus and the glant planets. I n  each of these 
categories, atmospheric characteristics, entry ~ e 1 o c i t i . e ~  and 
modes, vehicle geometries, heating levels  and candidate abla- 
t ion materials m e  discussed. Present ground and f l ight - tes t  
capabilities a re  summarized and compared with plane- entry 
conditions. Particular at tent ion i s  paid to coupled ablative- 
radiative phenomena which requi* the radiation spectrum of the 
f ac i l i t y  t o  e s s e n t i u y  duplicate that  of the planetary 
atmosphere under study. 
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nose cone fo r  

t i v e  heat sh ie ld  was demonstrated. In the  succeeding 13 years,  
t h e  ablat ive  heat shie ld  has evolved from a dramatically new 
concept t o  a proven, re l i ab le  and reasonably light-weight means 
of protect ing entry vehicles from aerodynamic heating. During 
t h i s  time, ablation analyses have developed from simple steady- 
s t a t e  solutions which consisted bas ica l ly  of t ranspira t ion-  
cooling theory with additional heat-absorption terms, t o  com- 
plex computer codes which describe the  t rans ien t ,  coupled, in-  
depth response of a char-forming p l a s t i c  t o  the heating from 
radiat ing,  ,chemically reacting shock layers  and boundary l a y e r s  
This i s  not t o  say tha t  a l l  the  s ign i f i can t  problems i n  abla- 
t ion  analyses have been solved. We s h a l l  see t h a t  there  a r e  
areas i n  which large uncer ta int ies  s t i l l  ex i s t  and i n  which 
much work remains t o  be done. None the  l e s s ,  t h e  past decade 
has produced great advances i n  ablat ion technology. 

I n  the  l a t e  195O's, much research was carr ied out on 
subliming and glassy ablators .  Most analyses were steady-state 
solutions since the  bulk of the research was concerned with t h e  
b a l l i s t i c  entry of vehicles having f a i r l y  high b a l l i s t i c  
coeff ic ients  (M/c$) and entry heat  pulses characterized by 
high heating r a t e s  and short  duration. 

I n  the  ear ly  1960's the  emphasis swung toward charring 
ablators,  and lower density materials began t o  be developed f o r  
lower M / C ~ A  manned entry vehicles.  Much work was done on 
t ransient ,  in-depth ablat ion analyses. Mil i tary vehicles were 
developed with higher and higher M / C ~ A '  s . They penetrated 
deeply i n t o  the  atmosphere before decelerating and hence 
t h e i r  en t r i es  were characterized by extremely high 
stagnation-point heating, high pressures, t r ans i t ion  to  
turbulent boundary layers,  and high aerodynamic shears. 
Manned vehicles,  on the other hand, tended t o  low 
M / c ~ A ' s  and l i f t i n g  en t r i es  t o  keep deceleration loads x i t h i n  
human tolerance levels. These vehicles decelerated high i n  the 
atmosphere and t h e i r  en t r i es  were characterized by low pres- 
sures ,  low shears, laminar flow, modest heating rates,  and 
long duration. 

* 
The numbers i n  peentheses  r e f e r  t o  the  l i s t  of references 
appended t o  t h i s  paper. 



i roments  of these two classes of 
vehicles a r e  so dif ferent ,  two separate and qui te  d i f fe ren t  
areas of heat-shield technology have developed, I n  the  case of 
high velricles, high-density mazerials ( such tzs high 
density wlon-phenolic, grzbphite-phenolic, carbon-carbon 
composites, and molded graphites) have been employed t o  r e s i s t  
mechanical erosion of the  ablator  surface, and t o  keep 
geometry change within reasonable bounds. In  the case of manned 
vehicles, the trend has been t o  lower density materials since 
these materials provide superior insulating efficiency t o  
protect against the  long heat-soak character is t ic  of l i f t i n g ,  
low M/C+ en t r i es .  Because of the low shears and pressures 
associated with manned entr ies ,  it has been possible t o  develop 
ablators  having low densi t ies  but which produce char l ayers  
with suf f ic ien t  strength t o  r e s i s t  mechanical f a i l u r e  within 
the  f l i g h t  envelope of the  vehicle.  

Because of i t s  higher entry velocity,  t h e  Apollo vehicle 
encountered radiat ive  a s  well a s  convective heating. I n  a 
sense, the Apollo project  ushered i n  the e ra  of rad ia t ive  heat- 
ing. O f  course, research on shock-layer radiat ion preceded the 
actual  Apollo en t r i es  by many years (work was ac t ive ly  under 
way i n  the l a t e  1950's) but the Apollo project served a s  a 
foca l  point for  much of the  radiat ive  heating research. 

I n  the  l a t e  1950fs,  many types of f a c i l i t i e s  were used t o  
t e s t  ablat ion materials.  Oxyacetylene torches, combustion 
heated wind tunnels, pebble bed tunnels, rocket exhausts, 
plasma torches, and arc-heated wind tunnels were used with 
varying degrees of success. By 1962, the arc-heated wind 
tunnel had established i t s e l f  a s  the  most v e r s a t i l e  and capable 
of the ablat ion t e s t  f a c i l i t i e s .  

Intensive research was carried out t o  proQuce improved a r c  
heaters,  capable of operating over wider ranges of pressure and 
enthalpy; and radiat ion sources were added t o  allow t e s t s  with 
combined convective and radiat ive  heating. Today's ablat ion 
t e s t  f a c i l i t i e s  have reached a high leve l  of refinement and have 
played an invaluable r o l e  i n  the  development of ablat ion tech- 
nology. I n  s p i t e  of t h e i r  refinement, however, these f a c i l i t i e s  
provide only a p a r t i a l  simulation of reentry f l i g h t  conditions. 
Because of th i s ,  the  proper interpreta t ion of ground-test 
r e s u l t s  i n  terms of in - f l igh t  ablat ive  behavior remains one of 
the  most important areas  of ablation research. 

Throughout the  past  12 years, much research i n  polymer 
chemistry has been carried out i n  an e f f o r t  to  produce improved 
ablators .  This work has enhanced our understanding of the  
pyrolysis process and char formation mechanisms, but no "super" 
materials have been produced. In  general, advances i n  heat- 
sh ie ld  performance have come more through understanding the  



s ignif icant  phenomena of ablation khan through deveiopoient, ( c j f  

gseatly improved materials.  When the e f fec t s  of d i f fe r ing  
atmospheric compositions are  a,cco~~nted f o r ,  the  phenoinena 
involved in pianetazy en t r i es  and earth_ en t r i es  a re  -the same. 
Hence, t h e  technology developed f o r  Earth entry heat shie lds  
can be used t o ,  a s  a s t a r t i n g  point,  analyze the  type of heat 
shie lds  required fo r  planetary entry vehicles.  

In t h e  present paper, the  analyses and t e s t  techniques 
which have been developed t o  t r e a t  heat shields fo r  Earth entry  
with combined radiat ive  and convective heating a re  reviewed, 
and the s ignif icant  phenomena are  defined. The development of 
convective and radiat ive  heat-transfer analyses, ablat ion layer 
analyses, and coupled heat t r ans fe r  and ablation calculations 
a re  reviewed and, a s  an example of the  current s t a t e  of the  
a r t ,  a calculation technique developed f o r  t r e a t i n g  heat 
shields  exposed t o  combined convective and radiat ive  heating 
i s  described. With the  lessons learned from Earth entry  
research i n  mind, the  work carr ied out t o  date f o r  entry  i n t o  
various planetary atmospheres i s  reviewed and technological 
problem areas  are  iden t i f i ed  and discussed. 

Symbols 

projected cross-sectional area  of entry vehicle 

elemental mass f rac t ion  of ablat ion products 

drag coefficient of entry vehicle 

dimensionless stream function 

acceleration due t o  gravity 

density scale height 

enthalpy 

stagnation enthalpy 

oxygen mass f ract ion 

mass of entry vehicle 

molecular weight 

gas inject ion r a t e  



pressure 

stagnation pressure 

convective beat loaii 

radiative heat load 

reduction i n  heat f lux  due t o  convective blockage 

convective heating r a t e  

heat f lux due t o  boundary-layer chemical react ions  

rad ia t ive  heating r a t e  

equivalent nose radius f o r  convective heating 

Reynolds number based on wetted length 

cone base radius 

nose radius  

temperature 

post shock temperature 

ve loc i ty  

a l t i t u d e  

radia t ion l o s s  parameter = E s &I$ pm V? 

entry  angle 

enthalpy po ten t i a l  

gas cap thickness 

cone h d f  angle 

Planck mean absorption coeff ic ient  

densi ty  

Stefan-Boltzmann constant 

aerodynamic shear 



S3d.bscripts : 

e entry condition 

w evaluated at the surface 

a free stream 

Convective and Radiative Heating f o r  Earth Entry 

Convective Heating 

Convective heating has been a source of ser ious  concern 
ever since the  ear ly  days of supersonic f l i g h t .   e em ember t h e  
press having a f i e l d  day ta lking about a i r c r a f t  crossing the  
sonic b a r r i e r  and landing i n  the thermal th icket?)  We w i l l  
b r i e f l y  review the  development of nonablating heating calcula- 
t ions .  The coupling of  heating and abla t ion analyses w i l l  be  
discussed l a t e r .  

Several specif ic  areas  can be pointed out i n  the  l i t e r a t u r e  
on convective heating. I n  par t icular ,  the  problems of 
stagnation-point heating, laminar heating, and turbulent heat-  
ing calculations fo r  very high-speed entry  were put on a f i r m  
foot ing b the  work of Fay and ~ i d d e l l ( 2 ) ,  ~ o h e n ( 3 ) ,  and 
,shiz,kirh) . More recent ly  the work of De Rienzo and 
~ a l l o n e ( 5 )  permits extension of stagnation-point convective 
heating up t o  entry speeds of 21.33 km/sec. This l a s t  paper 
a l s o  gives an excellent summary of convective heat- t ransfer  
s tudies  including the shock-tube experiments which formed t h e  
bas i s  f o r  much of the theore t i ca l  work. The work of Boison a n d  
~ u r t i s s ( 6 )  and Zoby and ~ u l l i v a n ( 7 )  explored the  influence o f  
body geometry on stagnation-point heating. 

Laminar heat t r ans fe r  on f l a t  p la tes ,  sharp cones, and off 
the  stagnation point on blunt  bodies has been well  e s t a b l i s h e d  
by the  work of ~ohen(3)  and ~ e e s ( 8 ) .  The r e s u l t s  of Cohen 
have been correlated by zoby(9) t o  put them i n  a more usable 
fbrm. 

Turbulent heating i s  s t i l l  a subject f o r  extensive r e s e a r c h .  
The Reentry F spacecraft has provided an extensive amount of 
turbulent heating data which a r e  s t i l l  being compared with 
exis t ing corre la t ion equations. The e a r l i e r  work of Zoby and 
~ u l l i v a n ( l 0 )  showed t h a t  turbulent heating f o r  a l a r g e  number 
of f l i g h t  vehicles, blunt and sharp, could be predicted with 
f a i r  accuracy using reference enthalpy methods. 

No discussion of turbulent heating i s  complete without a, 
discussion of the problem of boundary-layer t r ans i t ion .  T r a n ~ i -  
t i o n  i s  known or believed t o  be influenced by Mach number, 



Reynolds number, leadlng-edge bluntness, surface roughness, and 
a host of other prmetess including the ablation rate for a1 
ablating surface. To dateg no good correlation of' bourndam- 
lagrey transit.icm is available PZJ of  the c ~ w ~ e n t l y  ecceptea 
correlations show a spread of the type  show^^ in F4gwe I which 
is  taken from Reference ( X L ) .  Mote that  there is as m c h  as an 
order of m a t u d e  difference between the lowest and bighest 
Reynolds nmbers atxxhicll tmns i t ion  occurs. i n  addition, the 
influence of non-air gas mixtures on boundary-layer t ransi t ion 
is  not well known. However, barring major chemical effects  
which can significantly influence temperature and enthalpy 
profiles,  there i s  no reason t o  believe that  a t ransi t ion 
correlation for  a i r  w i l l  not apply i n  non-air gas mixtures. 

Radiative Heating 

Radiative heating becomes an important design considera- 
t i on  when the gas-cap temperature exceeds approximately 
10 000' K. A history of radiative heating calculations is  
given by ~nderson(l2)  who points out that  calculations using 
an opt ical ly thin or  a gray gas model seriously werpredict  the 
r a d i a t i ~ e  f l u x  t o  the w a l l .  l%gure 2, which i s  copied -from 
Anderson's paper, shows how the s t a t e  of the art for  radiation 
calculations has changed i n  the past decade. Calculation 
procedures haye progressed from the transparent, continuum 
only, uncoupled calculations used by many early iwes t iga tors  
through the nongray, coupled but continuum only calculations 
of Hoshizaki and ~ i l s o n ( l 3 )  to the coupled with continuum and 
l i ne s  calculations which are  current today. I n  Mgure 2, the 
l a s t  category i s  demonstrated by resul ts  from Page e t  a1.(14) 
but could be equally well demonstrated with resu l t s  from 
~ i l s o n ( l 5 ) ,  ~ l s t a d ( l G ) ~ ,  Chin(l'0, o r  ~ igdon( l8 )  . The radiation 
model used i n  the caldulation procedure described below i s  tha t  
of  ~ i l s o n ( l 9 )  which includes continuum and atomic l ines .  
Anderson further  points out that  due t o  uncertainties i n  gas 
abaormtion coefficients, the radiative f lux  "can probably be 
determined within 50 percent" and i f  the uncertainty i n  the 
absorption characteristics of ablation products i s  a lso taken 
in to  account the radiative flux " i s  known within a factor of 
two." It i s  obvious tha t  i f  the entry environment i s  domi- 
nated by radiative heat transfer the heat-shield weight 
requirement can be a serious uncertainty. ' . 

Most of the radiative heating calculations made t o  date 
and referenced above apply t o  the stagnation region. It was 
recognized prior  t o  1962 that  radiative heating t o  conical 
bodies was negligible because of the cooling of the  gas as it 
moved out of the stagnation region and onto the conical af ter-  
body. However, bodies with larger cone angles have become 
in te rs t ing  (e.g., ~ i k i n g )  and attention has again turned toward 
th i s  problem. A very recent paper by ~ d i s ( 2 0 )  shows resu l t s  



for sphere-cones with cone angles of joo, k5', and 60°, As 
ant ic ipated ,  f o r  t h e  condit ions investigated,  the j O o  and 43' 
cone heating r a t e s  fall t o  very small f r ac t ions  oi" t h e  
s t ag i l~ t iun -po in t  vaiues,  The 60" cone, kiowever, can experience 
r ad ia t ive  r a t e s  which may a c t u a l l y  be higher- than t h e  
stagnation-po1n.i; values.  Such r e s u l t s  can have ser ious  implica- 
t i ons  an both the  heat -shie ld  design a d .  the  a,erodp-amlc 
character is t ics  of the entry  vehicle.  These r e s u l t s  point out 
t h a t  radiat ive  heating i s  a major unknown f o r  the  design of a 
vehicle f ly ing  i n  a i r .  For vehicles f lying i n  non-air gas 
mixtures, the  uncertainty must be l a rger  and requires fu r ther  
consideration. 

Ablator Response 

Ablation Analyses 

During entry, an ablator  responds to  heat t r ans fe r  and 
chemical a t tack from the adjoining shock layer .  The ablator  
responds by receding, a l t e r i n g  i t s  in te rna l  temperature 
dis t r ibut ion,  or both. The pr incipal  mechanisms of ablat ive  
response, a s  i l l u s t r a t e d  i n  Figure 3, are: 

1. Senslble heat increase i n  the  v i rg in  p l a s t i c  and char 

2. Pyrolysis of the  v i r g i n  p l a s t i c  t o  form char and 
pyrolysis gases 

3.  Enthalpy increase i n  the  pyrolysis gases a s  they flow 
through the char 

4. Removal of the  char surface by chemical a t t ack  and 
sublimation 

5 .  Mechanical remwal of the char 

6 .  Reradiation of energy from the char surface 

Most present-day ablat ion analyses assume one-dimensional flow 
of heat and mass normdl t o  t h e  loca l  char surface. Such an  
assumption i s  val id  fo r  cases where the  curvature of the  heat 
shield i s  l a rge  compared t o  character is t ic  dimensions within 
the  ab la to r  ( large nose r a d i i ) ,  but f o r  small ground-test 
models and f o r  -flight vehicles with s m a l l  nose r a d i i  m u l t i -  
dimensional solutions may be required. This i s  t rue  i n  t rea t -  
ing both temperature dis t r ibut ions  and the in te rna l  flow of 
pyrolysis gases. A t  the  present, complete multidimensional 
analyses have not reached a stage where they a r e  sui table  f o r  
routine use. Solutions have, however, been obtained f o r  the  
important l imit ing cases of two-dimensional heat t r ans fe r  with 



one-d~mensional mass t ransfer  (subliming abl-ators and graphiCe - 
no char layer)(21,22), and two-dimensional pyrolysis gas flow 
vith one-dmensional heat transfer (models with rapidly v a q i n g  
exkernal pi-essiii'~ disti i b u t i o n s ) ( 2 ~ ) .  In ?;he present paper, f o r  
the  purpose of f lus t ra t ing  baslc  phenomena, we shall ,  f o r  the  
most part, res t r i ck  our a t tent ion t o  %he one-dinnensionai case. 

Atypicalone-dimensionalabia t ionanalysis is  composedofa 
f ini te-difference so lu t ionof the t rans ien t  heat conductionequa- 
tionthroughout thechar,  pyrolysis zone, andvi rg inp las t i c ;  a s e t  
of empir icalkinet ic  equationsthatdescribethepyrolysisprocessj 
achemistryrout inetodeterminethe s t a t e o f t h e p y r o l y s i s  gases; a 
setofequationswhichdescribe char removalby chemicaland 
mechanical means; and a char surface energy balance(24,25,26,27,28) 

I n  the  ear ly  days of ablation analysis, it was of t en  necessary 
t o  sac r i f i ce  somerigor i n t h e  solutionoftheheat-conductionequa- 
t i o n i n o r d e r t o k e e p  computingtimesreasonablyshort. Thisproblem 
hasnowbeenovercomebyimprovedpro~;camingtechniquesandincreases 
i n  computer speed s o t h a t  today's f i n i t e  difference solut ionsare  
essentiallyexactandrequirereasonably shortmachinetimes. A t  
thepresent t ime,  theaccuracyofpredictedinternaltemperature 
dis t r ibut ions  i s  limited mainly by the  mater ia l  properties required 
as  input data (i. e., specific heats, thermal conductivities, etc. ). 
Virgin p l a s t i c  properties can be measured with reasonable accuracy 
a t  temperatures where pyrolysis of the  material  does not occur. 
Since t h e  techniques used t o  measure specif ic  heats  and thermal 
conductivit ies a re  steady-state procedures, measurement made on 
a mater ia l  which i s  pyrolyzing must contain some uncertainties(29).  
Hence, material  properties i n  the  pyrolysis zone a r e  d i f f i c u l t  
t o  obtain. The largest  d i f f i c u l t i e s  with input properties a r e  
associated with t h e  char layer. Most ablation analyses use a 
char thermal conductivity which i s  a lumped paxarneter and 
represents t h e  net conductivity of the  char and t h e  pyrolysis 
gases flowing through it, This lumped conductivity cannot 
actual ly  be measured and i s  often inferred from arc  tunnel t e s t s  
of ablat ion models. That i s ,  the  char conductivity i s  adjusted 
u n t i l  the  predicted temperature dis t r ibut ions  agree with those 
measured i n  the  tunnel tests(30,31).  I n  s p i t e  of t h e  foregoing 
d i f f i c u l t i e s ,  present-day ablation analyses usually predict 
reasonably accurate in te rna l  temperature dis t r ibut ions .  In  
reference 30 fo r  instance, a f t e r  adjustment of t h e  char thermal 
conductivity, in te rna l  temperatures were predicted t o  within 
30 percent of the  measured values. 

Pyrolysis Kinetics and Pyrolysis Gas Chemical S ta te  

The pyrolysis kinetics,  a s  obtained from DTA (d i f fe ren t ia l  
thermal analysis)  and TGA (thermo-gravbetric analysis) data, 
generally predict pyrolysis r a t e s  and energy absorption with 
reasonable accuracy(32). 



The s t a t e  of the py1'01ysir4 gases remCajm one of the m j o r  
unsettled questions i n  ablat lon ~bnalysis,  I t s  s i&f lemee  i s  
i Uus"c&te i n  Ftgwe 4, Early Ebbletion ma3.y ses usuagay 
treat& tne pyrolysis g6;ses as lrozen ax. the composibioil 
a t  which they left the  p m l y s i s  zone. II -&his aesurmption i s  
made, then the ppolgrsis gases *rill absorb only a s 
of energy I n  being heated  om the  p p o l y s i s  temperatme to 
the char surface temperatwe. Later, gas phase e q ~ l i b r i u m  
computer codes were employed to t r ea t  the gases as  being i n  
complete chemical equilibrium (including the deposition of 
carbon i n  the hotter regions of the char). This equilibrium 
assumption resu l t s  i n  the prediction of large heat absorption 
by the pyrolysis gases. Experimental data have been obtained 
which support both the equilibrium and frozen assumptions. 
Data obtained by ~undel(33)  which agree with the f'rozen assump- 
t ion  are presented i n  Figure 4. A more accurate approach would 
be t o  carry out a kinet ic  analysis which employed measured 
r a t e  constants fo r  the important reactions. Such an analysis 
was reported i n  Reference (34) and indicated that  the equilib- 
rium assumption would significantly overpredict the heat 
absorption by the pyrolysis gases. The available r a t e  data 
are,howwer, l imited t o  relat ively low temperatures and, i n  
mmy cases, are  available only for overall  reactions rather 
than the individual kinet ic  steps involved i n  the pyrolysis 
gas reactions. Hence, a t rue  kinetic model for  t h e  pyrolysis 
gas reaction has not been established and, lacking such a 
model, analyses based on low temperature data cannot be 
extrapolated t o  the high chax temperatures associated with 
lunar return, planetary return, and planetazy entry missions. 

Char Surface Recession 

Another important area of ablation analysis that  i s  s t i l l  
largely unresolved i s  the prediction of char surface recession. 
vost analyses for  manned vehicles employ the assumption that  
char recession i s  due ent irely t o  chemical reactions and 
sublimation. This i s  usually just i f iable  within the f l i gh t  
envelope and makes the problem more t ractable than i f  mechanical 
,char removal had t o  be accounted for$ but the question of char 
surface kinetics s t i l l  presents formidable problems. Most 
analyses t r ea t  chemical char removal as being jo in t ly  r a t e  and 
diffusion controlled. A t  low temperature@, where oxygen can 
diffuse to  the char surface fas te r  than it reacts,  the reces- 
sion r a t e  is  governed by the kinetics of the solid-gas reactionr 
A t  high temperatures, the r a t e  of char recession i s  governed by 
the r a t e  a t  which oxygen (and other reactive boundary-layer 
gases) diffuses t o  the char surface. Between these two regimes, 
there exists  a t ransi t ion region of joint  ra te  and difKrsion 
control. A t  yet  higher temperatures, sublimation causes addi- 
t ional  char recession. Most investigators have assumed that 
the r a t e  controlled regime could be described by a single 



Arrbenlus equatic,n ui th  a consta?t act ivat ion energy. This 
surface recession model has received such wlde acceptance t h a t  
i t s  vaii i d i t y  is  seldom questioned. However, data recent ly  
obtarned f o r  various graphites strongly suggesr, chat zhe 
activation efiergy i s , i n  fac-c, a decreasing h - c t i o n  of terupera- 
tu re  and t h a h h a r  s w f a c e  removal may be chemiiiiedly controlled 
t o  temperatures muci.1 higher than previously thought 
poss ible( j7 , j6)  . Sublimation i s  another area of considerable 
uncertainty.  Several invest igators  have shown tha t  accurate 
solutions require  the inclusion of high molecular-weight gas 
phase carbon species (C1 through C10 usually).  The thermo- 
dynamic proper t ies  of these l a r g e  carbon species a re  not well 
established. Depending on t h e i r  treatment of these species, 
various invest igators  have predicted s ign i f i can t ly  d i f fe ren t  
sublimation r a t e s  a t  higb temperatures and pressures(37,38). 
When, a s  i n  the  case of high M / C ~ A  b a l l i s t i c  vehicles,  
mechanical char removal must be accounted f o r  i n  addi t ion t o  
chemical removal, the predic t ion of char recession r a t e s  
becomes uncertain indeed. Several theoret ical  treatments of 
char f a i l u r e  have appeared i n  the  l i t e r a t u r e (  39,40) . Most of 
these analyses describe char removal as a cyclic process wherein 
the char bui lds  up t o  a c r i t i c a l  thickness and then i s  removed 
by a combination of thermal and in te rna l  pressure s t resses .  
While t h i s  type of char f a i l u r e  has been reported f o r  some 
materials,  it i s  not encountered very often. The type of char 
f a i l u r e  t h a t  i s  most of ten seen i n  abla t ion t e s t s  involves the 
removal of r e l a t i v e l y  small fragments from the char surface.  
Figure 5 presents a typ ica l  s e t  of t e s t  data  f o r  a carbon- 
phenolic abla t ion material .  This type of char f a i l u r e  only 
occurs when the t e s t  stream contains oxygen. It i s  apparently 
a coupled chemical-mechanical process i n  which the char surface 
i s  weakened by oxidation and subsequently removed by aerodynamic 
shear. The phenomenon i s  pa r t i cu la r ly  apparent under high- 
pressure t e s t  conditions and has been observed f o r  graphites(41) 
a s  well  a s  charring abla tors(42) .  A t  the present  time, t h i s  
type of char removal must be described by empirical r e la t ions  
derived from ground t e s t s .  

Reradiation of Energy From Char Surface 

The super ior i ty  of the charring abla tor  (over subliming 
and melting abla tors)  i s  l a rge ly  due t o  i t s  a b i l i t y  t o  re rad ia te  
l a r g e  quant i t ies  of energy from a high-emissivity, high- 
temperature char surface.  As w i l l  be shown i n  a subsequent 
sect ion of t h i s  paper, t h i s  r e rad ia t ion  i s  one of the  most 
important energy accommodation mechanisms f o r  charring ab la to r s .  
I n  most ab la t ion  analyses, the char surface i s  assumed t o  be  a 
gray body and t o  have a constant emissivity. For most 
carbonaceous materials,  t h i s  seems t o  be a reasonable assumption. 
However, materials which contain l a rge  amounts of s i l i c a  o f ten  
produce chars fo r  which the  gray-body assumption i s  s ign i f i can t ly  



n e r r )  The counterpart to emissi-vity is char surface 
absorptivity, which becomes important when the ablator is 
subjected to radiative heating. Cis with emissivitg., the 
absorptivity is usually assumed conslant, though i ts value is 
usually assumed to be different from that of the eulissivity to 
account for the fact that the shoclr-iayer radiation and the 
char surface reradiation involve different wavelength ranges. 
Actually, little is known about char absorptivity for short 
wavelength, high-energy (ultraviolet) radiation. 

Since, reradiation from the char surface varies as the 
fourth power of surface temperature, it becomes more important 
as heating rates (and hence surface temperatures) increase. At 
a temperature of approximately 4000~ K (for pressures of the 
order of 10 atmospheres), however, carbonaceous materials 
sublime. Hence, an upper limit on the amount of energy that 
can be reradiated exists (around 1200 w/cm2). For entries 
which involve heating rates of a few thousand w/crn2 (manned 
planetary return earth entry, for instance), char surface 
reradiation will usually be the most important energy accommoda- 
tion mechanism. For entries that involve tens of thousands of 
w/cm2 (which, as we shall see, may be the case for Jupiter 
entry), reradiation may be small compared to other ablative 
mechanisms. 

Categories of Ablators 

A great many different materials and formulations have 
been investigated for use as ablative heat shields. It might 
be expected that each of these materials would have its own 
special characteristics and would require a separate research 
program to determine its ablative behavior. To an extent, this 
is true, particularly with regard to thermophysical and thermo- 
chemical properties. In a broad sense, however, ablators may 
be meaningfully categorized according to their elemental 
chemical composition (i.e., the number of atoms of carbon, 
hydrogen, etc.). The basis of such a categorization is the 
concept of complete (ga~-~hase and gas-solid) equilibrium at 
the char surface. If such equilibrium is obtained, then, in a 
diffusion limited situation, the char recession rate (which is 
one of the major determinants of ablator performance) is 
completely determined by the vehicle geometry, the flight 
conditions, and the elemental composition of the virgin plas.t;ic. 
The assumption of complete char-surface equilibrium has been 
studied, both analytically and experimentally by many imesti- 
gators(26,44,45,46). In many cases, it has been shown to 
provide an accurate prediction of ablator behavior. As 
mentioned previously, there are data available which suggest 
significant pyrolysis-gas nonequilibrium, and in such cases, 
the concept would not hold. As a guide to the overall 
categorization of ablators, however, the equilibrium concept is 
quite useful. When considered in this ra7ay, most ablators can 



be grouped i c t o  tiio c l a s ses :  those which contain the elements 
cafborl, hydrogen, ni trogen,  and oxygen, and those which contain 
these four  elements p lus  s i l i c o n .  These two groups d i f f e r  most 
s ign i f i can t ly  w i t h  respect  t o  char chemistry. Iviateria,ls which 
contain C, 11, i\T, a.nd 0 produce chars which a r e  near ly  100 per- 
cent  cai-boiiaceous and whose ckiernical composition i s  v i r t u a l l y  
independent of t e s t  condit ion.  Materials  which conLain S i ,  on 
the  o ther  hand, produce chars with surfaces  composed pr imar i ly  
of so l id  Si02, l i q u i d  SiO2, s o l i d  Sic ,  o r  s o l i d  C depending on 
the  t e s t  condit ion.  This behavior i s  p a r t i c u l a r l y  cha rac t e r i s -  
t i c  of elastomeric a b l a t o r s  and i s  i l l u s t r a t e d  by t h e  r e s u l t s  
presented i n  Figure 6. Note t h a t  a s  t he  heating r a t e  i s  
increased,  changes occur i n  both appearance and chemical compo- 
s i t i o n  of t h e  char l a y e r s .  Over t h i s  same range of t e s t  condi- 
t i ons ,  an  ab la to r  containing only C, H, N, and 0 would 
everywhere produce carbonaceous char.  Silicon-dominated abla-  
t o r s  (ma te r i a l s  which behave a s  shown i n  Fig. 6) a r e  b e s t  
su i t ed  f o r  use a t  l o ~ ~ r  heat ing  r a t e s  (low surface  temperatures)  
where the . cha r  i s  pr imar i ly  so l id  SiO2 and, s ince  i t  i s  an 
oxide, i s  v i r t u a l l y  i n e r t  with respect  t o  oxygen and hence i s  
nonreceding. Carbon dominated ab la to r s ,  on the  o the r  hand, a r e  
preferable  a t  high heat ing  r a t e s  s ince  t h e i r  carbonaceous chars 
do not  s u f f e r  from the  l i q u i d  l a y e r s  and C / S ~  reac t ions  charac- 
t e r i s t i c  of  s i l i c e o u s  ma te r i a l s .  

Coupling Between Heating and Ablator Response 

One of the  outstanding c h a r a c t e r i s t i c s  of an a b l a t i v e  heat  
sh ie ld  i s  t h a t  i t  not  only absorbs heat  but ,  through t h e  i n j e c -  
t i o n  of gaseous ab la t ion  products, it a l s o  modifies the  adjacent  
boundary l a y e r  and g r e a t l y  reduces the  l e v e l  of  aerodynamic 
heating.  When the  ab la t ion  products en te r  the  boundary l a y e r  
they a r e  heated up, r e a c t  with themselves, and (usua l ly  
exothermically) with t h e  boundary-layer and shock-layer gases; 
they thicken t h e  boundary l a y e r  and a l t e r  i t s  p r o f i l e s  of  
temperature, ve loc i ty ,  and species  concentration, and they 
absorb r a d i a t i o n  from the  shock l a y e r .  

The exothermic r eac t ion  of t he  pyrolys is  gases i s  bo th  
de t r imenta l  and bene f i c i a l .  Because of i t s  exothermic nature,  
it a c t u a l l y  increases  the  heat  f l u x  t o  the  a b l a t o r .  However, 
these  reac t ions  a l s o  deple te  t he  r eac t ab le  oxygen i n  the  
boundary l aye r ,  reduce t h e  oxygen f l u x  t o  t h e  char surface,  and 
hence, i n  a d i f fus ion  l imi t ed  s i tua t ion ,  reduce t h e  r a t e  of  
char removal by chemical r eac t ion ,  This combustive heat ing  can 
be  expressed a s  an e f f e c t i v e  increase  i n  s tagnat ion  enthalpy.  
Hence, it i s  q u i t e  important a t  low f l i g h t  speeds (low enthal -  
p i e s )  but  becomes of l e s s e r  importance a t  high speeds. The 
oxygen deple t ion  e f f e c t  i s  important a t  both high and low 
speeds so long a s  chemical char removal i s  s i g n i f i c a n t  compared 
t o  removal by sublimation and mechanical processes.  I n  t r e a t i n g  



the abla t ion product boundaxy-la.yer reactions there  i s ,  orice 
again, the question of reaction ra,tes. The Liraiting cases of 
equilibrium and frozen chemistry are ,  of course, avai lable .  
A t  higher boundary-layer and shock-layer temperatures (say 
above 2000' K), equilibrium i s  usual.1.y assumed s ince react ion 
r a t e s  a r e  expected to  be f a s t .  A considerable amount of data 
supporting t h i s  a s s ~ ~ p t i o n  has been published, but  i n  m ~ y  
cases the frozen assumption seems to  give b e t t e r  r e s u l t s .  The 
analysis  t h a t  was most successful i n  predicting the  performance 
of the Apollo heat shield t reated the abla t ion products i n  the 
boundary l ayer  a s  being frozen. 

The thickening of the boundary l ayer  and the  a l t e r a t i o n  of 
i t s  p r o f i l e s  const i tu tes  the  well-known " t ransp i ra t ion  cooling 
e f fec t . "  This i s  an important abla t ion mechanism under 
v i r t u a l l y  a l l  f l i g h t  conditions, and becomes pa r t i cu la r ly  
important under conditions producing high rad ia t ive  heating 
r a t e s .  Under these conditions, the resu l t ing  high mass in jec-  
t i o n  r a t e s  "blow the boundary layer  off" the char surface and 
reduce the convective heating t o  zero. This phenomenon i s  
usually i l l u s t r a t e d  by a p lo t  of the r a t i o  of convective heat 
f l u x  ( o r  Stanton numbers) with and without blowing versus a 
nondimensional mass in jec t ion  r a t e .  From such a p lo t ,  
presented i n  Figure 7, i t  i s  seen t h a t  the  convective heat f l u x  
tends t o  zero with increasing blowing r a t e  a s  shown by the 
so l id  curve. Experimental abla t ion data have been presented, 
however, indicating that ,  with increasing blowing ra te ,  the  
convective heating approaches a f i n i t e  asymptote (0.2 t o  0.3 of 
the  no-blowing value) r a the r  than zero(47).  This type of 
behavior should be expected when the  blowing i s  produced by an 
ab la to r  responding t o  purely convective heating. If the  heat- 
ing were ac tua l ly  reduced t o  zero, the ab la to r  would s top 
ablating, the blowing r a t e  would go t o  zero, and, with no mass 
in ject ion,  the heating r a t e  would increase t o  i t s  no-blowing 
value. Hence, some nonzero asymptote must be approached i n  
convective heating s i tua t ions .  This type of behavior w i l l  not 
occur, however, i n  the  presence of l a rge  rad ia t ive  heating 
r a t e s .  I n  t h i s  case, the high mass in jec t ion  r a t e s  (abla t ion 
r a t e s )  resul t ing from the rad ia t ive  heating can, indeed, dr ive  
the  convective heating r a t e s  t o  extremely low values.  

Unt i l  a few years ago it was generally assumed t h a t  the  
gaseous abla t ion products would not absorb a s ign i f i can t  p a r t  
of the  radia t ion from the hot shock l ayer .  Then, a number of 
invest igators  carr ied out analyses i n  which the absorption by 
the ab la t ion  products could be accounted for(48,49).  They 
found t h a t  the abla t ion products could ac tua l ly  be ra the r  
e f f i c i e n t  absorbers (especia l ly  a t  u l t r a v i o l e t  wavelengths) 
and predictions of up t o  50 percent reduction i n  rad ia t ive  
heat flux were published. Recently analyses of t h i s  type 
have been fu r the r  refined and now reductions of around 25 per- 
cent a re  being predicted f o r  typical  planetary re tu rn  



Earth en t r i es (50) .  Analyses of t h i s  type a re  discussed in the 
following section of t h i s  paper, 

State-of-the-Art A n d y s i s  for  Planetary Return Earth Entry 

I n  order t o  l ldent i fy those ablat ive  mechanisms which are  
most important during a high-speed entry, a typical  up-to-date 
analysis i s  described and typical  r e s u l t s  f o r  planetary re turn 
Earth entry a r e  reviewed. 

A s ta te-of- the-ar t  analysis which i s  being used t o  study 
some of the problems associated with Earth entry of a blunt 
body a t  planetary re turn speeds i s  given by Smith e t  a l .  i n  
Reference (50). Figure 8 i s  taken from t h a t  reference t o  show 
the log ic  involved i n  developing such an analysis.  

The analysis  must begin with a t ra jec to ry  if a t ransient  
ablat ion solution i s  required. I f  o a y  simple, point calcula- 
t ions  a r e  required then veloci ty  and a l t i t u d e  or veloci ty  and 
density a r e  all t h a t  a r e  necessary t o  i n i t i a t e  the  analysis.  

The inviscid  radiat ing solution i s  used t o  calculate  a l l  
the flow parameters i n  the  subsonic portion of the  flow f i e l d  
behind the bow shock. I n  the  analysis shown i n  Figure 8, the 
method used i s  t h a t  of sut t les(51)  who combined the one s t r i p  
in tegra l  method(52) with the  radiat ion model of ~ i l s o n ( l 9 ) .  
The output from the inviscid  flow-field program i s  used t o  
provide l o c a l  values of pressure, temperature, density, and 
velocity.  This information can be used a s  loca l  edgeecondi- 
t ions  with a conventionalboundary-layer solution t o  
provide i n i t i a l  estimates of the convective heating. I n  the 
analysis of Reference ( 5 0 ) ,  these convective heating calcu- 
l a t ions  were made using the correlation equations of ~ o b y ( 9 )  
f o r  equilibrium a i r .  

The radiat ive  f lux  calculated by the inviscid flow-field 
program and the convective heating r a t e  calculated by t h e  
boundary-layer program a r e  used a s  inputs t o  the ablat ion 
program (developed by Kendall, Rindal, and ~ a r t l e t t ( 2 6 )  ) which 
computes the  t ransient ,  one-dimensional response of a charring 
material  with heat conduction and in-depth pyrolysis governed 
by Arrhenius type r a t e  equations. The pyrolysis gases a r e  
assumed t o  be i n  chemical equilibrium throughout the  char, and 
two-phase chemical equilibrium i s  assumed a t  the char surface. 
A l l  char recession i s  assumed t o  be caused by r a t e  and diffusion- 
l imited chemical reaction and sublimation. 

When t h e  ablat ion ra tes  have been calculated, it i s  possi- 
b le  t o  compute the  veloci ty  prof i les  i n  the boundary layers  
using the technique described i n  Reference ( 5 0 ) .  By tes t ing  



the  resiiitirrg stream f ine t ion  against  a, li.miti.ng va,iu.e, the 
analysis  decides whether or  not the abla t ion r a t e  i s  l a rge  
enough t o  move the  air-abla.tio11 products boundary Layer away-  
from "cie w a l l  and replace i - t  with an abla,ti.on prodrrcts 1a.yer 
with an almost constant, low-value shear a t  the 7,7all, If the  
abla-tion r a t e  is  suff ' iciently l a rge  the strong in jec t ion  
solution i s  used. This solution, described i n  d e t a i l  i n  
Reference (50), assumes t h a t  the  boundary l ayer  consis ts  of 
a l ayer  of abla t ion products next t o  the wall and a layer  
within which the viscous e f fec t s  adjust  the flow var iables  
from the inner l ayer  values t o  the inviscid  outer l ayer  values 
I n  the  l ayer  next t o  the body, constant shear and negligible 
conduction a re  assumed. I n  the viscous layer ,  the  elemental 
composition i s  computed by assuming a cubic va r ia t ion  from 
the abla t ion products composition i n  the inner l ayer  t o  the 
a i r  composition a t  the  edge of the inviscid  outer l ayer .  If 
the abla t ion r a t e  i s  moderate, a conventional boundary-layer 
solut ion i s  used i n  which the  stream function a t  t h e  w a l l  i s  
defined by the abla t ion r a t e .  

The inviscid outer l ayer  and the  boundary l a y e r  f o r  e i the r  
strong or  moderate in jec t ion  a r e  coupled t o  provide continuous 
enthalpy p rof i l e s  across the shock layer .  F i r s t ,  the  inviscid  
l ayer  i s  displaced from the w a l l  by a distance equal t o  the 
displacement thickness of a boundary l ayer  with mass addition. 
The boundary-layer edge enthalpy value i s  matched t o  a value 
i n  the  inviscid  l ayer  near the edge,of the boundary l ayer .  
This information provides a smooth enthalpy p r o f i l e  which i s  
used by t h e  radia t ion model t o  recompute the  rad ia t ive  f lux .  
This f l u x  i s  used a s  input f o r  the next i t e r a t i o n  on the  mass 
l o s s  r a t e  calculations.  The solution continues u n t i l  a 
consistent s e t  of f l u x  and mass l o s s  r a t e  values i s  obtained. 

There a re  several  radia t ion models which might be  used 
fo r  calculation of r ad ia t ive  t r ans fe r  through t h e  ab la t ion  
products l ayer .  A s  previously noted, the rad ia t ion  model used 
i n  Reference (50)  was t h a t  of Reference (19) .  This model 
contains the  major features  f o r  air radia t ion a s  w e l l  a s  the 
prominent features  from a l a rge  number of the chemical 
compounds resul t ing from an equilibrium analysis  of the  abla- 
t i o n  products from common ablators  such a s  phenolic nylon 
and phenolic carbon. Thus, when t h i s  code i s  coupled with 
the boundary-layer solutions described above, the  major 
influence of the abla t ion products on the rad ia t ive  heating 
has probably been accounted f o r .  The answers should ce r ta in ly  
be withln the fac to r  of 2 mentioned by Anderson. Typical 
r e s u l t s  from analyses of t h i s  type a r e  presented i n  Figures 9 
and 10. Figure 9 shows the  extent of the  abla.tion products 
l ayer  and the  temperature d i s t r ibu t ion  through the  shock layer ,  
and presents the  calculated shock stand-off distance,  heating 
ra tes ,  and the char-surface temperature f o r  condi t ions  typ ica l  



of peak heat5n;r during a manned planetary re turn Eartli encry. 
i3lockage by abla t ion products reduces the inviscid beating by 
a,bout 22 percent,  It i s  o f  inkerest  -to see i n  which spec t ra l  
regions the  obsorptioa is Laicing place, This i s  shown by the  
difference between the dasbecl rind solid liries i n  F i g ~ r e  LO. Note 
-slat the a ,bso~pl io~ l  i s  almost en t i re ly  i n  the u l t r a v i o l e t  region. 

Only by carrying out a coupled anallysis such a s  tha t  j u s t  
described i s  it possible t o  accurately assess  the  heat-shielding 
requirements f o r  severe radiation-dominated en t r i e s .  Coleman, 
e t  a l . ,  carried out a thorough study of heat-shielding require- 
ments f o r  blunt and conical manned planetary re tu rn  entry  
vehicles.  Their ana3ysis included all the  important mechanisms 
mentioned previously. For a baseline theore t i ca l  model (which 
assumed a phenolic-nylon abla tor ,  no mechanical char f a i l u r e ,  
equilibrium pyrolysis  gases, laminar flow, equilibrium shock- 
l ayer  chemistry, and no blockage of radia t ion by abla t ion 
products), they showed the magnitudes of the  various heat 
absorption and blockage mechanisms a s  a function of time during 
entry.  These da ta  a re  reproduced (with some modification) i n  
Figure 11. I n  constructing Figure 11, the data  of Coleman 
e t  a l .  (49) rrere modified t o  r e f l e c t  a 25-percent radiat,ion 
blockage due t o  abla t ion products since, i n  l i g h t  of recent  
developments, t h i s  i s  believed t o  be r e a l i s t i c .  Results a r e  
presented f o r  the center l i n e  of an Apollo-like vehicle.  For 
the  blunt Apollo-like vehicle,  radia t ion i s  the  dominant heat- 
ing mechanism, and the s ignif icant  energy accommodation 
mechanisms a r e  radia t ion blockage by abla t ion products, tran- 
sp i ra t ion  cooling, surface reradiation, rnd the  enthalpy 
increase i n  the  pyrolysis gases. For conicalvehicles ,  the 
dominant heating w a s  found t o  be convective, and the  s ign i f i -  
cant energy accommodation mechanisms were t r ansp i ra t ion  cool- 
ing, reradiation, and pyrolysis enthalpy increase. 

Ablative Response i n  Turbulent Flow 

All  the r e s u l t s  presented thus f a r  a r e  rigorously appl i -  
cable only t o  laminar flows. Actually, l i t t l e  i s  known about 
the  response of abla tors  subjected t o  turbulent flows. Since 
a r c  tunnels a r e  generally low-density f a c i l i t i e s  and can 
accommodate only small models, ordinary abla t ion t e s t s  never 
produce Reynolds numbers high enough t o  produce turbulent 
flow. Some ablat ion t e s t s  have a l s o  been carried out i n  
turbulent pipe-flow and channel-flow f a c i l i t i e s  and have 
produced valuable data, but because of radia t ion exchange with 
f a c i l i t y  walls and d i f f i c u l t i e s  i n  precisely  defining the  
flow, the appl icat ion of these r e s u l t s  t o  f l i g h t  conditions 
i s  not straightforward. Some turbulent abla t ion data have 
a l s o  been obtained from f l i g h t  t e s t s .  Data fo r  several  
mater ia ls  having densi t ies  from about 0.3 t o  1 gm/cm3 were 
obtained from the NASA Pacemaker se r i es  of small f l i g h t  



vehicles a,nd data. f o r  a va r ie ty  of high-density materials have 
been obtained from f l i g h t s  of d l i t a r y  vehjcles.  Unforturxatelg, 
Mach numbers and enthalpies over which these data were obtained 
a r e  considerably lower than those f o r  severe a lanetary  e n t r i e s ,  

The analysis  of the response of an abla tor  t o  t u r b d e n t  
flow i s  usually done by calculating the convective heating 
r a t e s  by avai lable  turbulent boundary-layer techniques and 
reducing the convective blocking effectiveness of the abla t ion 
products t o  113 o r  114 of t h e i r  laminar values. Very l i t t l e  i n  
the way of coupled radiative-convective analyses with turbulent 
flow has been attempted thus f s s  since it has generally been 
assumed t h a t  r ad ia t ive  heating w i l l  be ins ignif icant  i n  the  
afterbody regions where the  flow could be turbulent.  I n  
general, the approach used with nonmilitary vehicles has been 
t o  choose vehicle  geometries and entry  t r a j e c t o r i e s  so a s  t o  
avoid turbulent heating. This same approach w i l l  probably be 
used with planetary entry  vehicles.  

Planetary Entr ies  

Ablation research f o r  Earth entry has been reviewed. Now 
we s h a l l  use t h i s  background and consider the problems associ-  
ated with planetary en t r i e s .  From our review of Earth entry  
research, we have seen t h a t  ab la t ive  heat shie lds  provide 
re l i ab le ,  reasonably l ightweight t h e m  protect ion systems, 
but  because of uncer ta int ies  i n  several  key technology areas 
(boundary-layer t r ans i t ion ,  chemical s t a t e  of pyrolysis gases, 
char-surface recession mechanisms) a conservative design 
approach must be used. A t  the  present time, these same uncer- 
t a i n t i e s  !ill require conservative designs f o r  planetary 
vehicles.  For severe Earth entr ies ,  the  most s ign i f i can t  abla- 
t i v e  energy accommodation mechanisms were seen t o  be blockage 
of convective and rad ia t ive  heat flux by abla t ion products, 
char surface reradiation, and pyrolysis enthalpy increase.  
Various planetary en t r i e s  w i l l  now be considered and the  most 
s ign i f i can t  abla t ion mechanisms iden t i f i ed  i n  each case. 

A t  t h i s  point  it should be pointed out tha t  prelaunch and 
t r a n s i t  environments such a s  s t e r i l i z a t i o n ,  vacuum exposure, and 
cold soak can s ign i f i can t ly  influence the choice of an abla t ion 
material  f o r  a par t i cu la r  mission. The study of these e f f e c t s  
const i tu tes  a broad technology area i n  i t s e l f  and i s  outside 
the scope of the  present paper. It must be remembered, however, 
t h a t  the material  properties used i n  the  analyses described 
herein must be those t h a t  the  ab la to r  possesses a f t e r  i t s  in te r -  
planetary t r i p ,  jus t  p r i o r  t o  atmospheric entry. 

I n  Table 1, properties of various planetary atmos- 
pheres(53,54,55,56,57) and unpublished Project Viking atmospheric 
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models a,re presented". The nea:r planets may be grouped into 
two ca.tegories, tilose with atmospheres cor~siderably less 
dense than the Earth's a.nd atmospheres more dense than that of 
Earth. In the low-density group, the piant'ts of most current 
interest are Ma,rs and Mercury. In the hi& density group, they 
are Venus and Jupiter. 

In the present paper, we shall consider Mars as being 
representative of the planets with tenuous atmospheres. 
~ritchard(58) has considered the possibility of using a 
vehicle originally designed for Martian entry to 
explore Mercury, Titan (a moon of Saturn), and other planets 
with thin atmospheres. He concluded that, for surface pres- 
sures as low as 1 mb, an entry vehicle designed for Mars could 
be used for Mercury and Titan missions with appropriate 
changes in the terminal descent system and, perhaps, in the 
guidance system. Hence, Mars is a good focal point for lou- 
density-atmosphere entries. 

In the case of entry into dense atmospheres we shall 
consider two planets, Venus and Jupiter. Venus is selected for 
consideration since it is unique in posing entry problems some- 
what comparable to those of Earth entry. Jupiter is chosen as 
being characteristic of the giant planets (~u~iter, Saturn, 
Uranus, Neptune). This is done for two reasons. First of all, 
interest in Jovian entry is currently high and, as a result, 
much more information is available for Jupiter than for the 
other giant planets. Second, Jupiter is thought to possess 
many of the atmospheric characteristics that would be encoun- 
tered during Saturn, Uranus, and Neptune entries. 

Entry Into Tenuous Atmospheres - Mars 
The essential problem associated wi%h entries into tenuous 

atmospheres is that of decelerating to conditions at which 
parachutes or other high drag devices can be deployed. This 
must be accomplished at altitudes which are high enough to 
allow atmospheric sampling in most planetary exploration mis- 
sions. In order to achieve this high-altitude deceleration, 
low values of the vehicle ballistic coefficient, M/c,,A, are 
required. As pointed out by ~oberts(59), deceleration within 
a given atmosphere requires that the atmospheric drag parameter, 

?+ 
The values presented in Table 1 are intended only to roughly 
categorize the various atmospheres. It is recognized that 
many of these values are uncertain and debatable. 



be less t h a n  approxiiriately 1.0. Eieiice, a. vehicle with an M/C$ 
of 314 g/cm2 will be decelerated by the Earth's atmosphere 
whereas, deceleration in the Ma,rtia,ri ainosphert t1il1 require 
~.I/c$L's on the order of j,lii g/cm;-', 

Atmospheric Charaxteristics 

Our concept of the tifartian atmosphere has changed 
drastically in the past few years. When Martian entry vehicles 
began to be seriously studied in 1961-62, it was recognized 
that much uncertainty existed regarding the pressure and 
composition of the Mars atmosphere. Early estimates of sur- 
face pressure ranged from 10 to 30 mb (0.01 to 0.03 atm), and 
compositions from 80 percent nitrogen, 20 percent C O ~  to 
100 percent C02 were considered possible. In that time period 
most studies assumed significant amounts of both N2 and C02. 
Recent spectroscopic data and measurements of the occultation 
of radio-frequency transmission from the Mariner flyby space- 
craft have, however, considerably improved our lmo>rledge of the 
Martian atmosphere. The Project Viking Mars Engineering Model 
Working Group has reviewed these data and proposed a set of 
model atmospheres with surface pressures ranging from 4 to 
10 mb (0.004 to 0.01 atm), compositions from 100 percent GO2 to 
71 percent COP, 29 percent Ar, and density scale heights (in 
the stratosphere) from 4.5 to 12 km. These various atmospheres 
correspond to maximum and minimum surface densities and a mean 
model. Density and temperature profiles for these model 
atmospheres are presented in Figures 12 and 13. 

Entry Vehicle Geometries, Entry Modes, and Velocities 

By far the most often used geometry for Martian entry 
vehicles is the spherically blunted cone. This configuration 
has the advantages of low ballistic coefficient, good payload 
packaging characteristics, and good aerodynamic stability. 
The Project Viking entry capsule is shown in Figure 14 as an 
example of this type of configuration. 

Nearly all the studies carried out to date have considered 
ballistic entries. While many early investigations featured 
vertical or near-vertical entries, the trend in recent years 
has been toward entry angles of -20' or less. For low 
ballistic-coefficient vehicles ( M / C ~ A  = 3 -? 5 gm/cm2) entering 
at shallow angles, heating rates tend to be very low. The 
maximum heating rates on such vehicles as calculated in 
References (60), (61), (62), and (63) are summarized in 
Table 2. From this table it is seen that maximum heating 
rates range from 100 to 200 w/cm2 for direct entry and are 
on the order of 20 W/C& for entry from orbit. Furthermore, 
radiative heatifig is inconsequential for entries less than 
about 7 km/sec. Hence, for the Martian entries of greatest 



current i n t e ~ e s t  (e.g . , o r b i t d  entr ies  such a s  Project ~i lcing) 
the heat-shielding problem i s  not severe. Only i n  the case of 
very high-speed advanced missions ( such as the U.5 km/sec MarS 
Surface Sample Return mission mentioned i n  Reference (62)) do 
the heating ra tes  become high enough to rea l ly  exercise presefl'* 
day ablators. Since high-speed entr ies  of thls type have much 
i n  common with Venustan entries, they w i l l  not be discussed 
t h i s  sectLon. 

Since the heating rates-are-olcm, t h n e C E Z n p o f  an  
ablative mterid for  a Maxtian entry vehicle i s  influenced 
more by its ab i l i t y  t o  withstand such environraents as prelatulckF 
ster i l izat ion,  in- transi t  cold soak, solar radiation, micro- 
meteorite bombardmen%, and vacuum exppsure(63,64) than by it@ 
high ablative efficiency. Fram an ablative perpormance standc 
paint, the outstanding requirement is %hat the material be ~f 
low density and possess mod insulating capability. F i l led  
elastomeric arateriaJ.6 seem to  be w e l l  suited t o  thew re&.+@ 
raents. A typical material might be composed of silicone res%@) 
s i l i c a  rmtcrospheres, phenolic microballoons, and carbon and 
s i l i c a  fibers. Thfs type of ma-berial has been studied and 
tested extensively(46,6~,66,67) and, for l o w  heating-rate 
app;lications, is well proven. 

The heat shield remains an important par t  of the wera.l.% 
vehicle design for  a Marttan entry vehicle. Most design 
studies(67,&) indicate that the heat shield w i l l  comprise 
10 to  20 percent of the entry vehicle p s s  weight. The 
materials a re  developed asld available, howetier, and the over& 
problem seems well within the present state of the a r t .  

Jbtry Into Dense Atmospheres 

As shown i n  Table 1, the near planets may be grouped 
according t o  atmospheric density. The planets of immediate 
in teres t  which have atmospheres a s  dense or  more dense than 
that  of Earth a re  Venus and the giant planets, Jupiter,  Sat- 
Uranus, and Neptune. In  most prior  research,.Venus and Mars 
have been considered together because of the i r  similar atmos* 
pheric composition. If comparable entry veloci t ies  are 
considered for  the two planets, this would be a logical group' 
ing. In most cases, however (because of the difference i n  
m a s s  of the two planets), Venusian entry veloci t ies  are much 
higher than those for  Mars. As a result,  Venusian entr ies  
usually en ta i l  severe radiative and convective heating and 
pose a significant challenge to  present-day ablative heat 
shields. As  discussed i n  the preceding section, t h i s  i s  
usually not the case for Mars. Except for  the fac t  tha t  they 
both pose appreciable heat-shielding problems, however, Venus 
entr ies  and entr ies  into the atmospheres of the giant p l ane t s  
have l i t t l e  i n  common. Hence, they w i l l  be discussed a s  
separate categories. 
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Venus 

Atmospheric CllaracterLstics 

Data obtained from the Pliglits of Mariner V arid the Russian 
Venera 4 vehicles have g rea t ly  reduced the  uncer ta int ies  associ-  
ated with the density, temperatures, and composition of the 
Venusian atmosphere. From analyses of these data(55),  i t  
appears t h a t  the  a l t i t u d e  from which Venera 4 sent  i t s  l a s t  
r ad io  transmission i s  i n  doubt. Originally it was reported 
t h a t  Venera 4 had measured pressures of from 16.4 t o  
20.3 atmospheres a t  the Venusian surface.  However, i f  i t  i s  
assumed t h a t  the l a s t  Venera 4 transmission came from an alti- 
tude of approximately 30 km, then the  Venera 4 da ta  f i t  n icely  
with the Mariner V data, define the temperature and pressure 
p rof i l e s  i n  the  Venus atmosphere qui te  well, and surface pres- 
sures of 167 atmospheres a r e  indicated. This in te rp re ta t ion  
of the da ta  i s  appealing but  there  a r e  s t i l l  arguments pro and 
con. As a resu l t ,  model atmospheres have been developed 
corresponding t o  surface pressures of 16.4 and 167 atmospheres 
and various degrees of so la r  a c t i v i t y .  Density and temperature 
p rof i l e s  f o r  these atmospheres a re  presented i n  Figures 1 5  and 
16. The composition of the  Venusian atmosphere i s  now believed 
t o  be between 90 percent CO2, 10 percent N2, and 100 percent 
C02. From an entry  heating standpoint, the atmosphere i s  
reasonably well known since the important parameters a r e  
composition and scale  height, and the scale  heights i n  the  
sensible (from a heating standpoint) atmosphere a r e  nearly the 
same fo r  the  various models shown i n  Figure 15. 

Entry Velocit ies,  Modes, and Vehicle Geometries 

The en t ry  ve loc i t i e s  encountered f o r  various missions 
range from 11 t o  15  km/sec. The lowest v e l o c i t i e s  correspond 
t o  entry  from orb i t ,  and the  highest ve loc i t i e s  a r e  those f o r  a 
Mercury swing-by mission. For d i r e c t  entr ies ,  as shown by 
Norman and ~ a r t ( 6 9 ) ,  the  ve loc i t i e s  can range from u . 6  t o  
13 km/sec depending on the  year of the  mission. Some ea r ly  s tudies  
considered v e r t i c a l  e n t r i e s  but most recent invest igat ions  have 
studied entry  angles from -30' t o  -50°. The Venus missions 
studied so f a r  have u t i l i z e d  b a l l i s t i c  en t r i e s  s ince it appears 
t h a t  heating r a t e s  can be kept within a manageable range with- 
out the use of l i f t  and there  i s  no problem i n  decelerating t o  
subsonic speeds a t  su f f i c ien t ly  high a l t i t u d e s  f o r  atmospheric 
studies.  

The geometries considered by almost a l l  invest igators  are,  
a s  was the case f o r  Martian entry, spherically blunted cones. 
I n  general, nose r a d i i  and cone angles f o r  Venusian vehicles  
a re  smaller than those used f o r  Mars entry.  This trend toward 
sharper, more highly sweptback vehicles r e f l e c t s  attempts a t  



minimizing the to t& hea,t load by reducing ra"diative hea'ting, 
As shown by Noxnian and ~ a , r t ( 6 9 ) ,  however, not a,lL the e f fec t s  
of reducing nose r a d i i  a r e  favora.ble, if tra,nsitiol? t o  
tiixbulent flow occurs (in Ref. (69j, tihe assumption of a, 
momentum thickness -transit ion Reynolds nmiber of 250 1-esults i n  
turbulentf low a t  the cone edge jus t  p r io r  t o  peak hea.ting), 
then the thick entropy layer  ca.used by a la rge  nose radius 
can s ignif icant ly  reduce the l eve l s  of turbulent heating and 
shear. Most s tudies  have indicated nose r a d i i  on the  order of 
1 foot  and cone angles from 50 t o  60' ( ~ i g .  1 4 ) .  

Heating Levels 

Studies of stagnation point and laminar convective heat- 
ing i n  various atmospheres(70,71,72,73,74) have shown tha t  C02 
and co2/N2 mixtures w i l l  produce nearly the same (actual ly  
about 10 percent higher) heat fluxes a s  a i r  f o r  comparable 
vehicles and f l i g h t  conditions. It i s  t o  be expected t h a t  
turbulent heating l e v e l s  w i l l  be cogparable f o r  these gas 
mixtures. 

On the other hand, rad ia t ive  heating from a i r  and from 
CO~/N;,  mixtures d i f f e r s  considerably(75,76,77,78). One reason 
f o r  t h i s  i s  t h a t  the  temperatures a t  which these gas mixtures 
begin t o  radiate  strongly a r e  quite dif ferent .  For example, 
a t  temperatures of approximately 8 0 0 0 ~  K, where a i r  r ad ia tes  
weakly, C02 rad ia tes  strongly. Another reason i s  t h a t  because 
of the dif ferent  radiating species involved the spectra l  d i s t r i -  
butions of radiat ion from these gases a r e  qui te  dfssinrilar. This 
i s  shown i n  Figure 17  which was prepared using the radiat ion 
model of ~ i c o l e t ( 7 9 ) .  The reference conditions f o r  t h i s  f igure  
were selected from Reference (80) with a V-3 atmos~here(55) and 
t h e  calculations were carr ied out f o r  an isothermal s lab .  
Three gas mixtures a re  shown: a i r ,  90 percent C02 with 10 per- 
cent N2, and 100 percent CO2. The calculated equilibrium 
post-shock temperature var ies  between 9090' K f o r  a i r  and 
9 5 4 0 ~  K f o r  100 percent C02. Note t h a t  there  i s  almost no 
difference between the C02 and C /N2 spectra l  d is t r ibut ions  
except i n  the  region from 3.0 to?.? eV. Nitrogen and cyanogen 
bands dominate i n  t h i s  region so t h i s  difference represents 
t h e  e f fec t  t o  be expected by the  presence of nitrogen i n  the  
atmosphere. This difference, while not negligible,  w i l l  not 
make or break a design and, conversely, designs which allow 
f o r  a reasonable nitrogen content w i l l  not be unduly penalized. 
It i s  evident t h a t  CN, while an important radiator,  i s  not the  
dominant radiator  which it was or iginal ly  believed t o  be(75,81) 
f o r  e a r l i e r  Venus atmospheres which contained a s  much as  
60 percent N2. 

A comparison of both of these atmospheres with the a i r  
r e s u l t s  on Figure 17  shows s ignif icant  differences.  First of 



all, it is noted that the a.ir temperature is significantly lower 
than either of the others so tha,t the ra,dia,tion is expected to 
be lower. However, the difference skiowrl i.ndicates the importance 
of ~o(4-k)  i.ihicki dominates tkie spectral region from apprcxir~ately 
5 to 11 eV. In air tinere are no comparable radiators in this 
region and, hence, the spectral dlstributiori arid radia.tive flux 
encountered during a corqarable Earth entry will be signifi- 
cantly different from any Venusian entry. 

Figure 17 suggests the importance of using an ablator which 
will absorb the co(4-k) radiation. As shown in Figure 10 for 
air, the absorption by CO in ablation products is very notice- 
able in the spectral region from 5 to 11 eV. However, for air 
there are no prominent radiation sources in this frequency band 
and the effectiveness of the ablation products is minimized. 
These results suggest, however, that any ablator chosen for a 
Venus entry should be tailored to provide large quantities of 
CO in the ablation products so as to minimize the radiative 
heat load. 

In Table j, heating rates calculated by various investi- 
gators(6~,69,75,8~) for various Venus missions are presented. 
From this table, it can be seen that the maximum heating 
rates for out-of-orbit and direct entries are in the same range 
as those for high velocity Earth entry missions. For the 
out-of'-orbit and direct entries, it is also seen that the pres- 
sures and aerodynamic shears are higher than those characteris- 
tic of manned entries but much less than those typical of 
high M/C$ ballistic Earth entry vehicles. The duration of 
heating for these Venus entries is relatively short (on the 
order of jO sec). 

Candidate Materials 

The levels of heating rate, pressure, and shear presented 
in Table 3 can be used to select a class of ablators for Venus 
entry missions. Mrst of all, the high heating rates shown in 
Table 3 prohibit the use of silica-dominated materials such as 
those used for Martian entry vehicles. At high surface 
temperatures, chars which contain large amounts of Si02 will 
recede rapidly due to SiO;! melting, S~/C reactions, or both. 
At these temperatures, char surface reradiation will be a 
primary energy accommodation mechanism and so a high emis- 
sivity, stable carbonaceous char layer is required. All of 
this dictates the use of a carbon-dominated material. As 
mentioned previously, the pressures and shears associated 
with Venusian entry are somewhat higher than those typical of 
manned entries. Because of this, mechanical char failure may 
become a significant consideration, at least for selected 
regions of the entry vehicle. In Earth entry research the 
usual approach has been to increase ablator density in an 
attempt to obtain increased char strength. To a degree this 



has been successfiil, but l a rge  increases i n  abla.tors density have 
been found t o  resuLt i n  only srnall changes -in the  t e s t  condi- 
t ions required t o  produce mechanical char remova.1. As 
mentioned pre~iiously,  the rilost com.only enco'mtered type of 
riieclianical char f a i l u r e  involves a weakening ol" the char 
skeleton by c h e ~ d c a l  rea~z'tion followed by removal of d i sc re te  
char R-agrnents by a,erodynmic forces,  This i s  not completely 
x~ders tood  and i s  not ana ly t ica l ly  describable a t  the present 
time. It i s  probable t h a t  an ablator  of somewhat higher density 
than those used on manned vehicles should be used on a Venusian 
entry vehicle.  A density of about 0.7 gm/cm3 seems a reasonable 
choice. The use of high-density materials i s  not desi rable  
since t h e i r  resistance t o  mechanical char f a i l u r e  i s  only 
s l i g h t l y  greater  than t h a t  of the lower density materials, and 
t h e i r  i n f e r i o r  insulat ing efficiency (resul t ing from t h e i r  high 
density) would require large increases i n  heat-shield weight. 

Hence, a carbon-dominated mater ia l  of medium density i s  
indicated. Some of the best-known materials of t h i s  type may, 
however, be unsuitable f o r  planetary missions. Most phenolic- 
based and many epoxy-based materials have been found t o  be 
incapable of withstanding the prelaunch and t r a n s i t  environ- 
ments of s t e r i l i za t ion ,  vacuum, and cold-soak which were so 
in f luen t ia l  i n  the choice of an elastomeric material  f o r  
Martian en t r i es .  A possible approach may be t o  use a 
material  composed of an elastomeric resin,  carbon microspheres, 
and carbon f i b e r s  i n  an e f f o r t  t o  u t i l i z e  the  good low- 
temperature properties of the resin; and with the high carbon- 
f i l l e r  content, produce a s table  high-temperature char. It 
would be in te res t ing  to  know what type of ablator  the  Russians 
used on Venera 4. 

Present S ta te  of the  Technology 

Since t h e  l eve l s  of heating, pressure, and shear during 
Venusian entry  a r e  s ignif icant ly  higher than those f o r  Martian 
entry,  the heat-shield analysis and design i s  a more c r i t i c a l  
pa r t  of the  overa l l  vehicle design. Except f o r  the  most severe 
e n t r i e s  ( ~ e r c u r y  swing-by), however, the  entry  conditions a r e  
close enough t o  those of high-speed Earth en t r i es  t h a t  t h e  
technology already developed fo r  Earth entry i s  largely appli-  
cable. The s i tua t ion  then i s  t h a t  while there  are  s ignif icant  
uncer ta int ies  i n  both heating and ablation analyses, it appears 
t h a t ,  through conservative design, workable heat shie lds  can be 
produced within the  present s t a t e  of the  a r t .  Present indica- 
t i o n s  a r e  t h a t  f o r  out-of-orbit and d i rec t  en t r i es  the  thermal 
protection system w i l l  const i tute  from 10 t o  25 percent of the  
entry  vehicle weight. (A recent study by Jaworski and 
~ a g l e r ( 8 2 )  indicates  tha t ,  f o r  t h e  l e s s  severe Venusian 
en t r i es ,  t h e  weight of the  actual  ablation mater ia l  may be l e s s  
than 5 percent of the  t o t a l  vehicle weight. These numbers seem 
small and bear fur ther  study. ) 



111 -the analyses of aero<i;i.ilarnic heating, there are signi.fi- 
cant uncertainties associated with the prediction of boundary- 
layer transition, turbulent hea.timg, and radiative luea.ting 
Levels. In predri.cting abl.a,tor response, the rm,jor uncertain- 
ties appear to be reLated to the kinetics of the pyrolysis gas 
reactions, ablator response to turbulent Slows, the prediction 
of char recessioli rates, pax-bicularly recession clue to 
mechanical char removal. 

The prediction of boundary-layer t rans i t ion  has, f o r  many 
years, been recognized a s  one of the  most important problems 
i n  aerospace research. It i s  a l s o  one of the most d i f f i c u l t .  
In  view of the great  amount of research already devoted t o  the 
problem, it seems unrea l i s t i c  t o  expect any breakthroughs i n  
t h i s  area .  Research should, of course, be continued, but  i n  
designing near-future planetary entry  vehicles, we may have t o  
accept t rgns i t ion  Reynolds numbers with order-of-magnitude 
accuracies. On t h e  other hand, it appears t h a t  the present 
uncer ta int ies  i n  radiat ive  heating l eve l s  could be reduced 
by carrying out completely coupled analyses, such as  those 
described e a r l i e r  f o r  high-speed Earth entry, i n  which a l l  the 
s ign i f i can t  phenomena such a s  self-absorption, radiat ion 
cooling, r e a l i s t i c  ( l ines ,  band systems, and continuum) radia- 
t ion  models, and radiat ion blockage by pyrolysis gases a r e  
accounted f o r .  I n  p rac t i ca l ly  every study carr ied out so f a r  
fo r  Venusian entry, one or more of these phenomena have been 
neglected. With regard t o  the  uncer ta int ies  i n  ablator  
response, the greates t  need i s  f o r  more and b e t t e r  experimental 
data t o  be t te r ,de f ine  the  important mechanisms and t o  lead t o  
more physically r e a l i s t i c  analyses. 

Jup i te r  

Atmospheric Characteristics 

Our knowledge of the  atmosphere of Jup i te r  i s  much l e s s  
complete than f o r  Mars o r  Venus. Because of the  Jovian cloud 
layers,  the  p lane t ' s  surface ( i f  one e x i s t s  i n  the  usual 
sense) cannot be observed. The avai lable  data concern the  
atmosphere above the cloud layer .  The makeup of the Jovian 
lower atmosphere i s  l a rge ly  a matter of speculation. I n  1967, 
Michaux, e t  al. (57),reviewed the s ta tus  of our knowledge of 
Jup i te r .  They presented a possible makeup f o r  the  lower 
atmosphere and Jovian i n t e r i o r  (based on models by Gallet and 
~ e e b l e s )  which i s  presented i n  Figure 18 of the present paper. 
From t h i s  f igure  it i s  seen t h a t  the  atmosphere i s  pictured 
a s  becoming denser a d  denser u n t i l  a surface which may be 
l iqu id  or sol id  i s  reached. From the standpoint of reentry 
vehicles, however, it i s  the atmosphere above We clouds that 
i s  of mosk i n t e r e s t  since vehicles with moderate M/c$'s w i l l  
decelerate t o  terminal conditions before reaching the clouds. 



Table ii presents a sarnpling of proposed Jovian rnodel 
atrnospheres(56,8j). As shown i n  Table 4, there  i s  general 
agreement t h a t  t h e  iliain atmospheric consti tuents (above the 
cloud l agers )  a re  Es and He, but the proposed co?npositions 
range from pl-edominantly fi;? t o  predominantly He. Proposed 
cloud-top pressures and temperatures range from 2 t o  
24 atmospheres and 150 t o  16Q0 K j  tlie atmospheric scale  
heights range from 12 t o  21 km. 

Entry Velocit ies,  Modes, and Vehicle Geometries 

For Jup i t e r ,  escape veloci ty  i s  approximately 60 km/sec 
and surface s a t e l l i t e  speed i s  approximately 40 kmlsec. 
Accordingly, most s tudies  of Jovian entry  have considered 
t h i s  range of entry  ve loc i t i e s .  The equatorial  veloci ty  of 
the  planet i s ,  however, about 13 km/sec and, hence, entry  i n  
the  d i rec t ion  of planetary ro ta t ion  and i n  the  v i c i n i t y  of 
the  equatorial  plane could reduce the  r e l a t i v e  di rect -entry  
ve loc i t i e s  t o  about 50 km/sec. 

Most s tudies  t o  date have considered b a l l i s t i c  e n t r i e s  and, 
again, the most widely considered configuration i s  the sphere 
cone. Because of the very high speeds and heating r a t e s  
involved i n  J u p i t e r  entry, there a r e  some indicat ions  t h a t  
guided ( l i f t i n g )  en t r i e s  may be required t o  keep the heating 
within manageable l i m i t s  (83) . ~ a u b e r ( 8 3 )  has studied the  
r e l a t i v e  merits of blunt and conical vehicles f o r  Jovian entry .  
H i s  conclusion i s  t h a t  the conical vehicles have a c lea r  
advantage with regard t o  required heat-shield weights. I n  
f a c t ,  he suggests t h a t  i f  the atmosphere were primarily 112, 
a blunt ( ~ ~ 0 1 1 0 - l i k e )  vehicle might have t o  be composed almost 
e n t i r e l y  of heat shie ld .  Present indications a r e  t h a t  the  
cone angles f o r  Jovian vehicles w i l l  be smaller than those f o r  
Martian and Venusian vehicles (Fig.  1 4 ) .  The most advantageous 
cone angle and, for  t h a t  matter, the  overal l  Gharacter of the  
en t ry  heating appear t o  depend strongly on the  atmospheric 
composition. This dependence w i l l  be discussed subsequently. 

Heating Levels 

Heating ra tes ,  f o r  most Jovian entr ies ,  a r e p r e d i c t e d t o b e  
extremely high by Earth-entry standards. Tauber(83) s tud ied the  
e f fec t s  of vehicle geometry and atmospheric compositiononradia- 
t i v e  and convect iveheat ingrates  fo r  a spher ical lyt ipped,  conical 
vehicle. Some of h i s  r e s u l t s  ?re  presented i n  Figure 19. The 
r e s u l t s  presented i n  Figure 19 were computed f o r  3 vehicle  
having a 30' cone half-angle, a base radius  of 1 m, and a nose 
radius of 1 cm entering on a shallow b a l l i s t i c  t r a j e c t o r y  a t  
50 km/sec. Durin entry, boundary-layer Reynolds numbers were % l imited t o  5 X 10 i n  order t o  insure  laminar flow. Both 
rad ia t ive  and convective heating r a t e s  a re  presented f o r  t h e  
stagnation point and the  conical afterbody, a s  a function of 



atmospheric Hz content. As shown by Figure Lg, a LOO-percent 
Hz atiliosphere would produce heating rates that are sizable 
but compa.rable to those experienced during severe Earth 
entries, A He a.tmosphere, or! the other hand, I.I~I.L.c? produce 
radiative and convective hea,tirig rates far beyond those with 
which we have had experience. At the present time, it is 
difficult to pick a "most likely'' Jovian atmosphere. The most 
recent papers on the subject do, however, seem to be indicating 
higher and higher H2 contents. In 1963, Spinrad and ~rafton(84) 
proposed a 60-percent 5 atmosphere and, in 1967, ~eckman(85) 
proposed an 82-percent H2 atmosphere. If these high H2 contents 
prove to be correct, the Jovian entry heating problem will be 
large but not unmanageable. 

The theory of laminar convective heat transfer for %/He 
mixtures appears to be on fairly firm ground. Stagnation- 
point heating in H2 has been treated by ~cala(86) and Marvin 
and Deiwert(~l), and correlated by 2oby(70). Stagnation-point 
heating in He was measured and correlated by ~ope(87). 
zoby(70) has proposed an approximate method (involving sum- 
mation of terms weighted according to the mass fractions of 
the individual gases) for calculating stagnation-point heating 
in gas mixtures, and recent unpublished work by Sutton and 
Graves at the Langley Research Center has shown that the sum- 
mation approximation gives accurate estimates of heating for 
Jovian atmospheres. With regard to laminar heating away from 
the stagnation point, Marvin and Deiwert(71) found that heating- 
rate distributions were only affected to a minor degree by 
gas composition. The prediction of transition and turbulent 
heating in H ~ / H ~  mixtures involves large uncertainties, just 
as it does in the case of air. 

The radiation from H2/He shock layers is significantly 
different from that produced by air. This is illustrated by 
Figure 20. In Figure 20, spectral flux is presented as a 
function of photon energy for a 61-percent %, 36-percent He 
shock layer, and for an air shock layer. The results shown 
for the Jovian atmosphere were taken from the work of 
St,ickford and ~enard(88). They were obtained by carrying 
out an adiabatic calculation, which included self-absorption, 
for a 12 OOOo K, 1-cm-thick layer. The results shown for 
air are those previously presented in Figure 10(a) and 
include self-absorption, radiation loss, and, as indicated 
by the short dashed curves, absorption by ablation products. 
The %/~e results include Lyman and Balmer line radiation 
while the air results are for continuum only. However, as 
Figure 10(b) indicates, the line radiation from the air will 
not change the comparison shown in Figure 20. The tempera- 
ture of the air shock layer (12 900° K) is comparable to 
that of the H2/He layer, but the air layer is nearly an 
order of magnitude thicker. From these curves it is seen 
that, for comparable shock-layer temperatures, the intensity 



o:' rs.d-;ation w i l l  be ri~uch g ~ e a t e r  for. the  B2/tie mixture than 
f o r  a i r .  Also, it can be seen t h a t  the rela, t ive amount of  
rudintiori i n  spectra l  regions not subject t o  abso-rption by 
ebla i ion products i s  greater fo r  H ~ / x ~  than f o r  a i r .  This 
suggests tbat absorption by abla.tion products may not be a s  
important fo r  J-ovian entry  a,s it i s  f o r  Earth or  Venus entry .  
~ i l s o n ( l 3 )  s h o ~ ~ ~ e d  only about a LO-percent re ik~ct ion i n  radia- 
t i v e  heating due t o  a.blation products.^ 

Candidate Materials 

The extremely high heating ra tes  and re la t ive ly  high 
pressures t h a t  a re  predicted f o r  Jovian entry  ( see  Fig.  19) 
immediately suggest the  use of high-density, carbonaceous 
materials.  Graphites, carbon-carbon composites, and high- 
density graphite f i b e r  reinforced p l a s t i c s  have a l l  been 
suggested for  use on Jovian entry  vehicles.  I n  the  nose 
regions of the vehicle,  such materials w i l l  probably be used. 
The requirement of reasonably small shape change, alone, may 
d i c t a t e  high-density materials i n  t h i s  region. On the vehicle  
afterbody, moderate density abla tors  appear feas ib le .  
Materials s imilar  t o  those discussed fo r  Venusian entry  may 
work well  f o r  these  appl icat ions .  

Actually, there  a re  several  basic phenomena which must be 
investigated before any reasonable choice of materials can be  
made. The f i r s t  of these concerns the  response of mater ia ls  
t o  very high radia t ive  heating r a t e s .  A t  present,  no r e a l i s t i c  
t e s t s  have been carr ied out a t  heating r a t e s  over a few 
kW/cm2. It has been suggested t h a t  materials may be torn 
apar t  by the  high thermal s t r esses  and i n t e r n a l  gas pressures  
tha t  heating ra tes  on the  order of t ens  of thousands of w/cm2 
w i l l  produce. Such a p o s s i b i l i t y  cannot be discounted. What 
i s  needed i s  t e s t  data a t  these conditions. Second, the re  a r e  
questions concerning the absorpt ivi ty  of abla t ive  char l a y e r s  
i n  the  d i f fe ren t  spec t ra l  ranges. Wilson and ~ p i t z e r ( 4 3 )  
measured the  absorptance of several  chars and graphites a t  
temperatures up t o  3400' K and over the v i s ib le  and near- 
infrared wavelength ranges. They found t h a t ,  f o r  some chars ,  
the assumption of gray-body behavior was inval id .  I n  s p i t e  
of such findings,  most abla t ion analyses u t i l i z e  constant 
values f o r  char surface emissivity and absorptivity.  For 
Jovian entry ,  large amounts of u l t r a v i o l e t  radia t ion from the 
shock layer  a re  predicted ( see  Fig.  20). I n  the  case of a i r  
shock layers ,  much of the  u l t r a v i o l e t  radia t ion i s  absorbed 
by abla t ion products. It now appears t h a t  such w i l l  not be 
the  case f o r  Jovian entry.  It has been suggested t h a t  the  

* ~ e c e n t  calculations by the  same author, using new abosrp- 
t i o n  coeff ic ient  data f o r  the  polyatomic carbon species have 
indicated reductions i n  radia t ive  heating of up t o  80 p e r c e n t .  
More work i n  t h i s  area i s  needed. 
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h-igb energy, short  .wavelength u l c r a ~ ~ r o l e r ,  raba-c-ion mght  
penetrate deeply Into  the ablator  ra ther  than belng absorbed a t  
the surface ds most abiatlon c~naiyses currently assume. Wllson 
an-, SplCzerrs d a t a  show Increa.;lqg ah.;orptance a s  ultravloler,  
wavelengths are  approached and seem t o  suggest hlgh u l t rdv lo ie t  
absorptance values but absorptance measurements In the u i t r a -  
viole t  a re  not preserltly avaliable.  If the  rdihation should 
penetrate i n t o  the  char, present analyses could give grossly 
incorrect  predictions of ablator  response during Jovian entry.  
Finally,  there  i s  the  question of mechanical char f a i l u r e  i n  
~ 2 / H e  atmospheres. As mentioned previously, the  most commonly 
observed type of char f a i l u r e  i s  intimately associated with 
oxidation reactions a t  the  char surface. When t e s t e d  i n  i n e r t  
streams, even low-density chars r e s i s t  mechanical f a i l u r e  up t o  
high leve l s  of pressure and shear. I f  t h e  Jovian atmosphere i s  
essen t ia l ly  100 percent He, mechanical char f a i l u r e  may not be 
a b ig  problem even a t  r e la t ive ly  high pressures and shears. I f  
large amounts of H2 are  present,  however, it i s  possible t h a t  
H/C reactions a t  t h e  char surface could cause a type of char 
f a i l u r e  similar t o  tha t  caused by O/C reactions i n  a i r .  

Final ly ,  the  extremely high heating r a t e s  associated with 
He atmospheres may force us t o  reorient our thinking about the  
re la t ive  importance of. the  various ablat ive  energy accommoda- 
t i o n  mechanisms. For severe Earth en t r i es  and f o r  Venusian 
en t r i es ,  we found t h a t  char surface reradiat ion i s  l i k e l y  t o  be 
the  most important single mechanism. As pointed out previously, 
however, the  amount of energy t h a t  can be reradiated i s  l imited 
(by the sublimation of carbonaceous materials) t o  around 
1200 w/cm2. Hence, i f  the  radiat ive  heating r a t e s  reach leve l s  
of 12 000 w/cm2, char surface reradiation w i l l  be re la t ive ly  
unimportant while sublimation w i l l  become r e l a t i v e l y  more 
important. It has been suggested t h a t ,  f o r  such extreme 
conditions, materials with high surface r e f l e c t i v i t y  ( t o  
r e f l e c t  t h e  incident radiat ion)  ra ther  than high emissivity 
might be desirable,  i f  such materials can be found. 

State  of Technology 

Present indications a r e  t h a t  the percentage of vehicle 
gross weight required f o r  the  heat shie ld  w i l l  be s ignif icant ly  
greater f o r  Jovian entry  than f o r  Earth, Venus, or Mars 
en t r i es .  Jovian heat-shield technology i s  i n  a n  ear ly  stage 
of development and many fundamental phenomena require  study 
before the  Jovian entry  problem can be accurately assessed. 

Simulation Ground and Fl ight  Testing 

Ground Testing 

While many types of ground t e s t  f a c i l i t i e s  were used i n  
the  ear ly  days of ablation research, the great majority of 



 resent-day a,bl.a"con t e s t s  a r e  ca r r i ed  o a t  i n  arc-hea,ted wind 
tunnels.  A t y p i c a l  a r c  tunnel ,  equipped t o  provide combined 
convective and r a d i a t i v e  heating,  i s  shown scheina-tically i n  
Pigare  2 2 ,  The t e s t  gas i s  passed through an e l e c t r i c  arc 
where i t  i s  hea'ted t o  high temperatures. It suiDsequently 
expands throilgii a c o ~ ~ e r g e n t - d i v e r g e n t  nozzle and e x i t s  a s  a 
supersonic t e s t  streii;m i n  a fTee j e t  t e s t  sec t ion .  ' h e  model 
t o  be tes ted i s  mounted on a swing arm which allows it t o  be 
inser ted i n  the t e s t  stream a f t e r  s t ab le  a rc - j e t  operating 
conditions have been achieved and t o  be re t racted from the 
stream a f t e r  the  desired t e s t  time has elapsed. The flow 
leaves the t e s t  sect ion through a d i f fuse r  and flows through a 
heat exchanger t o  e i the r  a vacuum sphere o r  a steam e jec to r  
which provides the  pressure r a t i o  required t o  f i l l  the super- 
sonic nozzle. Arc heaters have been developed ~ h i c h  operate 
well  a t  high a r c  chamber temperatures (enthalpies) and low 
a r c  chamber pressures.  Other heaters  have been developed 
which operate a t h i g h  chamber pressure but a t  modest tempera- 
tu res .  It has not been possible,  however, t o  develop heaters  
which operate a t  both high temperatures and pressures, nor 
has it been possible t o  build a s ingle  heater t h a t  operates 
wel l  over the  e n t i r e  range of possible conditions. Hence, 
most t e s t  complexes have several  a r c  heaters,  with each heater 
equipped with several. nozzles of varying expansion r a t i o  t o  
provide a reasonably wide range of t e s t  conditions. 

A s  shown i n  Hgure  21, some t e s t  f a c i l i t i e s  a r e  equipped 
with radia t ion sources (usually high-pressure a r c  lamps o r  
l a s e r s )  so t h a t  the  t e s t  models can be exposed t o  combined 
convective and rad ia t ive  heating. The range of t e s t  condi- 
t ions  currently avai lable  i s  shown i n  Figure 22(89,90). This 
range of t e s t  condit'ions was determined fo r  t e s t s  conducted 
i n  a i r  and there i s  some question as t o  whether t h i s  exten- 
s ive  a range of t e s t  conditions i s  avai lable  i n  gases such a s  
C*, Hz, and He. For many years there  were pe rs i s t en t  repor ts  
of electrode fa i lu res  resu l t ing  from C02 operation, but most 
f a c i l i t i e s  now seem t o  be capable of routine operation on 
CO2 and the  t e s t  conditions obtained a re  generally comparable 
t o  those obtained with a i r .  A l l  a r c  tunnels seem t o  run very 
well on He but, because of the sa fe ty  problems involved, few 
t e s t s  have been run t o  date  i n  H2 or H ~ / H ~  mixtures. Some 
selected values of avai lable  rad ia t ive  flux capab i l i t i e s  a r e  
a l s o  shown on Figure 22 t o  give an indicat ion of the  combined 
heating capab i l i t i e s  now avai lable .  Also presented on 
Figure 22 a re  representative Mars, Venus, and Jup i te r  entry  
conditions(89). A s  can be seen from Figure 22, our present 
ground-test f a c i l i t i e s  can produce conditions typical  of 
Martian entry  but not those typical  of Venusian entry.  
Needless t o  say, Jovian entry  conditions a re  considerably 
beyond our present t e s t  capab i l i t i e s .  



EEVen within the range of avai lable  tesz  conditions, how- 
ever, ground fa . c i l i t i e s  do not a'ctually simulate reentry 
f l i g h t  conditions. This la.ck of' sj.mda,t-ion can be i l l u s t r a t e d  
by consi.dering the sta.gnati.on-point heating r e l a t i o n  

Ground-test models a re  usually much smaller than the  f l i g h t  
vehicles they represent.  Hence, i f  the  heating r a t e  i s  the  
same fo r  both, then e i t h e r  the  pressure or the ve loc i ty  must 
d i f f e r .  This i l l u s t r a t e s  one of the basic d i f f i c u l t i e s  of 
ground abla t ion t e s t ing .  One o r  two aspects of a  given f l i g h t  
condition can be duplicated, but when they are,  o ther  aspects, 
of ten important ones, must be i n  e r ro r .  Because of t h i s  lack 
of complete simulation, ground-test r e s u l t s  cannot be used 
d i rec t ly  t o  predic t  i n - f l i g h t  abla t ive  behavior. Instead, 
the ground t e s t s  a re  used t o  define basic  abla t ion mechanisms 
and t o  ve r i fy  a theore t i ca l  abla t ion model (usual ly  a d i g i t a l  
computer code). The theoret ical  abla t ion model i s  then used 
t o  predic t  in - f l igh t  behavior. 

Another problem associated with the small s i z e  of  abla- 
t i o n  t e s t  models i s  t h a t  multidimensional abla t ion e f f e c t s  
can become important i n  ground t e s t s  even though they a r e  
negligible f o r  the  f l i g h t  conditions t h a t  the ground t e s t s  
a re  supposed t o  represent.  One example of such an e f f e c t  
i s  the  reduction i n  t ranspira t ion cooling e f fec t  caused by 
the pyrolysis gases flowing l a t e r a l l y  through the char t o  the 
low pressure regions around the shoulders of the model r a the r  
than flowing perpendicular t o  the  char surface a s  i s  assumed 
i n  one-dimensional abla t ion analyses. This e f fec t ,  which can 
r e s u l t  i n  increased abla t ion ra tes ,  i s  described i n  
Reference (23). Another e f f e c t  of t h i s  type a r i s e s  when 
l a t e r a l  temperature gradients (due t o  small model s i z e )  
become l a r g e  enough so t h a t  s ignif icant  amounts of hea t  a re  
conducted l a t e r a l l y  away from a given point on the  char surface 
ra the r  than perpendicularly t o  the char surface i n t o  the 
decomposing abla tor  below. 

I n  Figure 22 it was seen t h a t  present r ad ia t ive  heating 
f a c i l i t i e s  cannot produce fluxes a s  high a s  those expected 
during advanced (especially,  Jovian) planetary e n t r i e s .  These 
f a c i l i t i e s  a l s o  have another shortcoming which i s  poss ibly  more 
important than the insuf f i c ien t  f lux  l e v e l s ,  That is ,  the 
spec t ra l  d i s t r ibu t ion  of radia t ion from the lamps o r  l a s e r s  
d i f f e r s  g rea t ly  from tha t  of the  gases i n  a  r a d i a t i n g  shock 
l ayer .  This i s  i l l u s t r a t e d  i n  Figure 23. From t h i s  f igure  
it i s  seen t h a t  the f a c i l i t i e s  a re  pa r t i cu la r ly  d e f i c i e n t  i n  
the shor t  wavelength u l t r a v i o l e t  region which c o n s t i t u t e s  a  



s i g n i f t c a r ~ t  p a r t  of che shock-layer ra.dia,tion, As mentioned 
before, i.t has been often suggested t h a t  abla t ion materials 
rnay respond. d i f fe ren t ly  t o  u1.traviole.t radia t ion than t o  
v i s i b l e  or  infrared radia t ion.  1% i s  possible that  the u l t r a -  
v i o l e t  may penetrate deep i n t o  the abla tor  ra ther  than being 
absorbed near the char surface (as  i s  assumed i n  p rac t i ca l ly  
a l l  existfng abla t ion soruputer programs). Tests of models 
under ultra,violet  radia t ion a r e  needed t o  resolve t h i s  ques- 
t i o n .  Another important phenomenon t h a t  cannot present ly  be 
studied i n  ground t e s t s  i s  the  absorption of shock-layer 
radia t ion by abla t ion products. As was shown e a r l i e r ,  t h i s  
energy absorption mechanism i s  qui te  s ign i f i can t  fo r  Earth 
entry  and may be s ign i f i can t  f o r  many planetary en t r i e s  
(especia l ly  e n t r i e s  i n t o  predominantly C02 atmospheres). 
Since the  incoming radia t ion i s  absorbed p re fe ren t i a l ly  ra the r  
than uniformly across the spectrum (actual ly  most of t h i s  
absorption i s  i n  the u l t r a v i o l e t ) ,  t h i s  phenomenon cannot be 
studied unless ground f a c i l i t i e s  with spectra l  d i s t r ibu t ions  
s imilar  t o  those of an ac tua l  shock layer  can be developed. 

F l igh t  Testing 

Fl ight  t e s t s  have played an invaluable r o l e  i n  the  develop- 
ment of Earth-entry abla t ion technology. Fl ight  t e s t s  a r e  
expensive and require l a rge  project  teams and long lead times 
but ,  because of the  previously mentioned d i f f i c u l t i e s  i n  
scal ing ground-test abla t ion data t o  f l i g h t  conditions, they 
a r e  mandatory fo r  cases (such a s  manned entry) where the 
abla tor  response must be known with great  accuracy. 

The great  advantage of f l i g h t  t e s t ing  i s  the  a b i l i t y  t o  
expose the heat shield simultaneously t o  the correct l e v e l s  of 
a l l  the important entry parameters (i . e., heating r a t e ,  pres- 
sure, enthalpy, shear, e t ~ .  ) . 

Since t h i s  s i tua t ion  cannot be achieved i n  ground tes t ing,  
it usually happens t h a t  a given s e t  of ground-test data  can be 
s a t i s f a c t o r i l y  explained by several  theore t i ca l  abla t ion 
models, each of which predic ts  d i f fe r ing  i n - f l i g h t  behavior 
f o r  the ab la to r .  One of the  most s ign i f i can t  contributions of 
a f l i g h t  t e s t  i s  that it shows which ( i f  any) of the  proposed 
theore t i ca l  models i s  capable of predicting both ground and 
f l i g h t  r e s u l t s .  

The preceding comments apply when the f l i g h t  t e s t  i s  
carr ied out i n  the atmosphere of the planet f o r  which the 
en t ry  vehicle i s  designed. Suppose we a r e  dealing with a 
vehicle  designed fo r  a Mars o r  Venus entry.  Can meaningful 
f l i g h t  t e s t s  of t h i s  vehicle be carried out i n  the  Ear th ' s  
atmcsphere? This problem has been studied by several  invest i -  
gators(80,91,92) . A s  f a r  a s  phenomena which a re  l a rge ly  



Independent of atrnospherlc coinposltion ( i . e , ,  deceleratrons, 
aerodynamic loads, e t c . ) ,  the answer i s  yes. I f  one assumes 
a s t rasght  l i n e  b a l l l s t i e  t ra jer tory(93)  and a n  exponential 
almosphere, i t  can be shown chat, fo r  the case where the  
entry  ve loc i t i e s  and baLl is t ic  coeff ic ients  a re  the same, 
w? can se lec t  a path through the  Ear th 's  atmosphere along 
which the srehicle i r i l l  encounter a density h i s to ry  equal t o  
that  which it would encounter along a d i f fe ren t  path 
i n  a d i f fe ren t  atmosphere. Beginning irith t h i s  
argument, ~ e n n e t ( 9 2 )  goes on t o  show tha t ,  along t h i s  equiva- 
l e n t  t ra jectory,  any quantity of the form 

can be duplicated so long a s  m and n do not depend on the  
atmospheric composition. 

Laminar convective heating can be adequately corre la ted i n  
terms of p: , but, of course, m and n w i l l ,  i n  general, 
depend on the atmospheric composition. For air and C02, N2 
mixtures, however, the  corre la t ions  a re  nearly i d e n t i c a l  
( 2  1 0  percent difference) and, hence, it appears t h a t  f o r  
Martian and Venusian en t r i e s ,  the  laminar connective heating 
could be adequately simulated. There a l s o  appears t o  be a 
p o s s i b i l i t y  of simulating t r ans i t ion  and turbulent heating i n  
CO2-N2 atmospheres, but t h i s  question has not been completely 
resolved at  present.  

Radiative heating, on the other hand, does not lend i t s e l f  
t o  simulation by these techniques. Since many of t h e  most 
s ign i f i can t  r ad ia t ive  heating phenomena ( s e l f  -absorption, 
absorption by pyrolysis gases, possibly ab la to r  response) a r e  
strongly dependent on the spec t ra l  d i s t r ibu t ion  of the  radia- 
t i v e  flux, which is, i n  turn, strongly dependent on t h e  
chemical composition of the  shock layer ,  t h i s  i s  t o  be expected. 
I n  Reference (80), Spiegel, Wolf, and Zeh carr ied ou t  a 
deta i led study of the degree t o  which the ab la t ive  response of 
a Venus-entry-vehicle heat shie ld  could be studied and simu- 
l a ted  i n  an Earth entry  f l i g h t  t e s t .  They found t h a t  convec- 
t ive  heating could be simulated qu i t e  well, but t h a t  the  
rad ia t ive  heating dif fered s ignif icant ly ,  both wi th  regard t o  
f lux  l e v e l  and spectra l  d is t r ibut ion,  from t h a t  calcula ted fo r  
an ac tua l  Venus entry.  Spiegel, Wolf, and Zeh went on t o  
compute the  in-depth response of a high-density phenolic-nylon 
heat shie ld  f o r  the Venusian and equivalent Earth e n t r i e s  and 
found t h a t  the  abla tor  response w a s  qui te  s imilar  i n  s p i t e  of 
the differences i n  radia t ive  heating. This world seem t o  imply 
tha t  such an Earth entry  might provide a proof t e s t  fo r  a 
Venusian-entry heat shield.  Such a conclusion, however, i s  
predicated on the  assumption t h a t  the  Venusian-entry (and Earth- 
entry)  radfat ive  heating and the  response of t h e  a b l a t o r  t o  i t  



has been a.ccurately described by the tlneoreticai model.:; used i n  
the analysis .  This i s  precisely the a.ssun~ption that .hie wanted 
t o  check with a f l i g h t  t e s t  i n  the f i r s t  place.  

Hence, i z  appears tha t  the simulation of pla .n~taly-entry  
heat-shield response by an Earth-entry f l i g h t  t e s t  i s  only 
feas ible  f o r  missions involving only convective heating. An 
out-of-orbit  Martian entry  i s  an excellent example of such a 
mission. Because of the  low heating ra tes  involved and the  
f a c t  tha t  the most l i k e l y  candidate m a t e r i d s  ( f i l l e d  e las to-  
mers) a re  not g rea t ly  sens i t ive  t o  shock l ayer  composition a t  
the resu l t ing  low surface temperatures, i t  appears t h a t  nearly 
complete simulation could be achieved. For higher ve loc i ty  
Mars-entry missions and f o r  missions t o  Venus and the giant  
planets,  however, Earth entry  f l i g h t  t e s t s  do not appear capable 
of simulating the s ign i f i can t  r ad ia t ive  phenomena. 

Concluding Summation 

A review of ab la t ive  heat-shield technology fo r  planetary 
e n t r i e s  has been carr ied out t o  assess  the present s t a t e  of 
the  a r t  and t o  iden t i fy  areas i n  which fu r the r  research i s  
needed. 

To iden t i fy  important phenomena and t o  provide a bas i s  
f o r  comparison, research on Earth-entry heat shie lds  was 
summarized as a f i r s t  s t ep  i n  the review. Emphasis was placed 
on en t r i e s  characterized by l a r g e  rad ia t ive  and convective 
heating ra tes ,  since l e s s  severe e n t r i e s  can be considered as 
l imi t ing  cases ( the  case of negligible rad ia t ive  heating, f o r  
instance) of t h i s  more complex problem. 

It w a s  shown t h a t  r e a l i s t i c  assessments of heating and 
ab la to r  response f o r  t h i s  type of entry required a coupled 
analysis  i n  which convective and rad ia t ive  processes i n  t h e  
shock layer  influence one another, and both the rad ia t ive  and 
convective heating a r e  s ign i f i can t ly  modified by the  introduc- 
t i o n  of gaseous abla t ion products i n t o  the  flow f i e l d .  From 
such analyses it was shown that ,  f o r  moderate-density char- 
r ing  abla tors ,  the s ign i f i can t  energy accommodation mechanisms 
are:  pyrolysis gas enthalpy increase, char surface reradia t ion,  
and the  reduction of convective and rad ia t ive  heat f lux  by 
the  in jec t ion  of ab la t ion  products i n t o  the  flow f i e l d .  
Signif icant  uncer ta int ies  were shown t o  s t i l l  e x i s t  with 
respect  t o  the  chemical s t a t e  of the pyrolysis gases (which 
determines t h e i r  enthalpy content) and the calcula t ion of  
r ad ia t ive  heating r a t e s  with absorption by abla t ion products. 
It was pointed out tha t  most present-day abla t ion analyses 
assume t h a t  radia t ion of a l l  wavelengths i s  absorbed a t  t h e  
char surface, even though l i t t l e  i s  actual ly  known about the  



absorp tance  of  a,blati.ve clin,rs a t  o- ther  t h a n  v l s i . b l e  ~ ' ravelengths.  
Shock-l.ayer s p e c t r a  were presen ted  t h a t  showed l a r g e  amo~ints 
o f  r a d i a n t ,  energy aaL va.cuurii u l t r a v i o l e t  wavelengths,  It was 
sugges-ted t l i a t  r a d i a t i o n  a t  t h e s e  wavelengths m i g h t  g e n e t r a t e  
deeply i n t o  t h e  char  and. cause a b l a t i v e  behavior  t o  b e  s i g n i f i -  
c a n t l y  d i f f e r e n t  from t h a t  p r e s e n t l y  b e i n g  predicted. .  

The r a t e  a t  which the abla tor  i s  consumed i n  accommodating 
the incident heating is  l a rge ly  determined by t h e  char reces- 
sion r a t e  which r e s u l t s  from chemical reaction with boundary- 
l ayer  gases, sublimation, and mechanical char f a i l u r e .  
Signif icant  uncer ta int ies  were shown t o  e x i s t  i n  the predic t ion 
of a l l  three  of these phenomena. 

The prediction of convective heating r a t e s  was found t o  be 
on f a i r l y  f i rm ground so long a s  the flow remains laminar. The 
predic t ion of boundary-layer t r a n s i t i o n  and turbulent heating 
r a t e s  s t i l l  involve s ignif icant  uncer ta int ies ,  however, with 
t r ans i t ion  Reynolds numbers being known only t o  within an order  
of magnitude. It was a l s o  pointed out tha t ,  because of experi-  
mental d i f f i c u l t i e s ,  the response of abla tors  t o  turbulent flow 
i s  a r e l a t i v e l y  unexplored area of research. 

For en t r i e s  i n t o  tenuous atmospheres such a s  those of Mars 
and Mercury, it was found tha t  heat-shield design was well  
within the  present s t a t e  of the a r t .  Because of the low e n t r y  
v e l o c i t i e s  typ ica l  of out-of-orbit  en t r i e s ,  r ad ia t ive  heat ing 
was found t o  be ins ignif icant  and convective heating r a t e s  
were found t o  be low. It was pointed out tha t ,  f o r  these 
en t r i e s ,  the most important ablation-material  charac te r i s t i c s  
were low density ( fo r  high insula t ing eff ic iency)  and the 
a b i l i t y  t o  survive prelaunch and t r a n s i t  environments such as 
s t e r i l i z a t i o n ,  cold soak, and space vacuum. 

I n  considering en t r i e s  i n t o  the  atmosphere of Venus, it 
was found that ,  because of the comparable entry ve loc i t i e s ,  
the  s ign i f i can t  phenomena were essen t i a l ly  the same a s  those 
f o r  planetary re turn Earth entry .  Hence, most of the  uncer- 
t a i n t i e s  discussed f o r  severe Earth entry  with combined 
rad ia t ive  and convective heating apply a s  well t o  Venusian 
en t r i e s .  

Since the  Venusian atmosphere i s  primarily C02 ( r a t h e r  
than a i r ) ,  the spectra l  d i s t r ibu t ion  of shock-layer r a d i a t i o n  
i s  qui te  d i f fe ren t  from t h a t  f o r  a i r  and it was pointed o u t  
t h a t  most of the radia t ion from a Venusian shock layer  was i n  
a spec t ra l  range where i t  could be strongly absorbed by a b l a -  
t i o n  products. Since very few coupled analyses (including 
absorption by abla t ion products) have been carried out f o r  
Venusian en t r i e s ,  i t  was suggested t h a t  t h i s  might be a 
f r u i t f u l  f i e l d  of research. 



It was pointed out that  the rela. t ively high char surface 
pressares and aerodynamic shears which res t i l t  from b a l l i s t i c  
Vennsian en t r i e s  suggest signi-ficant; ra.tes of rnecha,nica,l char 
f a i l u r e ,  C o n ~ i d e ~ t i b i e  work is required i n  the area. of char 
surface chemical react ions  in GOg t e s t  streams, with pa r t i cu la r  
emphasis on char f a i l u r e  by coupled chemical-aerodynamic 
mechanisms. Reference t o  Earth entry research showed t h a t  the 
mechanical char f a i l u r e  probl-em cannot be overcome by simply 
increasing the density of the  ab la to r .  

Because of the  high Venusian-entry heating ra tes ,  
elastomeric materials such a s  those proposed fo r  Mars e n t r i e s  
were considered unsuitable f o r  Venusian en t r i e s .  Because of 
t h e i r  i n a b i l i t y  t o  withstand inter-planetary t r a n s i t  environ- 
ments, many of the  materials most of ten considered for  severe 
Earth en t r i e s  may a l so  be unsuitable f o r  Venus missions. 
Hence, i t  was suggested t h a t  a new c lass  of materials t h a t  
cocild withstand both the t r a n s i t  environments and the severe 
en t r i e s  might have t o  be developed. 

Jovian entry  was considered a s  being t y p i c a l  of e n t r i e s  
i n t o  the  atmospheres of the giant  p lanets  ( ~ u p i t e r ,  Saturn, 
Uranus, e t c .  ) .  Because of the large mass of the  planet 
(hence, high escape v e l o c i t i e s ) ,  Jovian en t ry  speeds and the  
resu l t ing  heating r a t e s  (especia l ly  radia t ive  heating r a t e s )  
were found t o  be po ten t i a l ly  many times higher than those 
f o r  Earth entry .  The extent of the increase can not be 
evaluated because of uncer ta int ies  i n  the  ablation products 
and t h e i r  absorption coeff ic ients ,  but it i s  almost cer ta in  
t h a t  the  radia t ive  heating r a t e s  w i l l  be very large.  It 
was pointed out t h a t  the behavior of materials under such 
high heating r a t e s  may be qu i t e  d i f fe ren t  than a t  lower heat-  
ing  ra tes .  The p o s s i b i l i t y  of catastrophic f a i l u r e  cannot be 
discounted. It was shown t h a t ,  because the  amount of energy 
reradia ted from the char surface i s  l imited by mater ia l  
sublimation temperatures, char surface reradia t ion could be a 
l e s s  important energy accommodation mechanism for  Jovian 
e n t r i e s  than it is  f o r  Earth or Venusian e n t r i e s .  The possible  
significance of mechanical char f a i l u r e  was shown t o  depend 
t o  a s ignif icant  extent on whether the  Jovian atmosphere i s  
mostly H2 (which w i l l  r eac t  with carbonaceous materials)  or  He 
(which i s  i n e r t ) .  The s t a t e  of t h e  a r t  f o r  Jovian entry  heat 
shie lds  was found t o  be i n  an ea r ly  stage of development. 

The t e s t  capab i l i t i e s  of present-day ground-based f a c i l i -  
t i e s  were reviewed and t h e i r  i n a b i l i t y  t o  completely simulate 
entry  conditions was pointed out. It was pointed out, however, 
t h a t  valuable p a r t i a l  simulation i s  avai lable  and, i n  pa r t i cu la r ,  
small t e s t  models can be subjected t o  convective heating r a t e s  
up t o  the l eve l s  experienced i n  typ ica l  Venusian en t r i e s .  It 
was a l so  shown t h a t  radia t ive  heating r a t e s  comparable t o  those 
of Venusian entry should be avai lable  soon. It was pointed out,  



however, that  one important aspect of the ra,diative heating, the 
spectra l  distribution, i.s not reproduced i n  any of the present 
ra'diative f a c i l i t i e s ,  Because of -this, it i s  riot presently 
possib1.e t o  va2.j.date exis t tng theories of r ad ia t ive  heating with 
absorption by abla t ion products. It was shown t h a t  Jovian 
entry  conditions a re  beyond the capab i l i t i e s  of present ground 
f a c i l i t i e s .  

Tile a b i l i t y  of Earth-entry f l i g h t  t e s t s  t o  simulate e n t r i e s  
i n t o  other atmospheres was reviewed. It was found that  those 
phenomena, which a r e  independent of atmospheric chemical 
composition, could be adequately simulated but t h a t  phenomena 
which depend strongly on shock-layer composition (such a s  
rad ia t ive  heating and char surface phenomena) could not be 
simulated. Hence it  appeared t h a t  nearly complete simulation 
of an out-of-orbit Mars entry  was possible (s ince char surface 
reactions a re  not too important a t  the low temperatures 
involved), but t h a t  the  value of Earth entry t e s t s  i n  studying 
Venusian and Jovian entry  phenomena i s  l imited.  
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TABU 1--Planetary atmospheres 

Mercury Mars Earth Venus Jupiter 

Surface Pressure, atm 1 x 10'3 5 x lo-3 1 167 1 x 1 ~ 5  
0 

Surface Temperature, K 200 130 288 770 2000 

20 
Tropopause Altitude, km 11 19 11 55 (above 

cloud top ) 

0 Stratosphere Temperature, K 122 100 217 220 86 

Density Scale Height, km (a) 6 5 7.73 6 18 

Molecular Weight 40 44 29 42-44 3.4 

Entry Velocities, km/sec 3-4(b) 4-8(b) 8-20(c) 7-15(b) 40-6db) 

(a)~tratosphere 

(b)orbital to escape 

'c)~rbital to planetary return 



TABLE 24hximm heating ra tes ,  integrated heat loads, pressures, and shears f o r  
sphere-cone vehicles entering t h e  Martian atmosphere 

Stagnation Point Cone Edge Ref. 

Entry M 
e e 'e ic 9~ 'c $ k (lp. 'C % P 

g km w W J J W W J J  deg - - - - -- A t m  - - - - 2 X lo-* Atm 
se c 

cm cm em2 cm2 cm 
2 cm2 cm2 cm2 cm2 m2 

D Direct entry 
0 Out of o rb i t  entry  
MSSR Mars surface sample re turn mission 
N Negligible 
- Data not available 



Table 3 -Maximum heating ra tes ,  integrated heat loads, pressures,and shears f o r  
sphere-cone vehicles entering the  atmosphere of Venus 

Trajectory Stagnation Point Cone Edge Ref. 

M Entry - 
Mode CDA 'e 

ic iR Qc Q~ p % R &c &R T 

g - km W W L L  n w 5 K 10-2 
deg - 

cm2 
2 2 cm2 c g  cm cm m sec c S  cm2 c P  cm 

0 5.4 30 9.8 885 258 - - 1 955 193 - - 16.5 60 
VMF Venus-Mercury flyby 
0 Out of o r b i t  
D Direct entry  
- Data not avai lable  



Table 4 -Model atmospheres of Jupi ter  
(compositions are i n  weight percent) 

Spinrad 
Kuiper Kuiper Gpik and Sample 

Parameter Model Model Model Waf ton Model 
(A) ( B )  (0) Model ( s )  

(K) 

EzrS 
He $ 

Ne $ 

CH4 $ 

m3 $ 

A r $  

Tx OK 

P" atm 

H* km 

* ~ t  top of cloud layer (from pef. 56) 
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Figure 1.- Survey of t ransi t ion data for  nonablating sharp 
cones (from Ref. 11). 
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Figure 2.- ~ e s u l t s - f o r  stagnation-point radiative heat t ransfer  
ref lect ing various stages of the state-of-the-art; 
Vm = 15.24 km/sec a l t i tude  = 61 km (from Ref. 12).  



CONVECTIVE AND 
RADIATIVE HEATING 
h 

CHAR PYROLYSIS V I R G I N  STRUCTURE 
ZONE MATERIAL 

Figure 3.- Ablative mechanisms. 
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Figure 4.- Pyrolysis gas enthalpy as  a function of chemical 

s t a t e  (from Ref. 47). 
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Figure 5.- Mechanical char f a i l u r e  f o r  a carbon phenolic 
ablator  (from Ref. 42). 
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Figure 6.- Char surfaces produced by s i l i con  dominated ab la to r  

(from Ref. 46).  
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Figure 7.- ~ e d u c t i o n  of convective heating by pyrolysis  gas 
in jec t ion  (from Ref. 47). 
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Figure 8.- Logic f o r  coupled analysis  (from Ref. 50). 
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E'igure 9.- Temperature and ablation products p rof i le .  Stagna- 

t ion  streamline of 304.8 cm radius sphere, V, = 15.24 km/sec, 

pwVw 61 ian a l t i tude ,  carbon phenolic injection, = 0.2, 
Tw = 3600~  K (from Ref. 50). pm , 
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Figure 10.- Spectral dis t r ibut ion of radiation heat f lux due t o  

l i ne  and continuum processes (from Ref. 50). 
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Figure 11.- Ablative energy accomnodation mechanism for 
phenolic-nylon ablator on Apollo-like planetary-return 
Earth entry vehicle (from Ref. 49). 
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Figure 12.- Density profiles for five Martian atmospheric 

models. 



TEMPERATURE, OK 

Figure 13.- Temperature p rof i l e s  f o r  f i v e  Martian atmospheric 
models. 
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~ i g u r e  14.- Configurations fo r  t y p i c a l  planetary entry 

vehicles.  
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Figure 15.- Density versus a l t i t u d e  f o r  models of Venus 
atmosphere (from Ref. 55) .  
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Figure 16.- Temperature versus a l t i t u d e  f o r  models of Venus 
atmosphere (from Ref. 5 5 ) .  
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Figure 17.- Comparison of spec t ra l  flux from a i r  and proposed 

Venusian atmospheres. 

808 



'TOP OF CLOUD LAYtR 
: (150 OK, l alml GALLET'S (1962) 

JOVIAN ATMOSPHERE AMMONIA CRYSTALS RADIUS = 1 CLOUD 
AMMONIA DROPLETS CLOUDS ATMOSPHERE 
AMMONIA VAPOR CLEAR ( I N  EXPANDED 
WATER DROPLETS CLEAR SCALE) I 

RADIUS = 0.94 
SURFACI OF PLANET 
(2000 OK 2 x 16 atm 

TRANS ITION TO 400 OK I N  GALLET'S MODEL) 

METALLIC HYDROGEN 
(T - ? P - 106atm) 

TRANSITION TO DENSE CORE OF ROCKY SILICATES 
AND METALLIC ELEMENTS (PERHAPS 10 TIMES THE 
M A S S  OF EARTH) 

Figure 18.- Jovian cloud layers proposed by Gallet  overlying 
Jovian i n t e r i o r  by Peebles (from Ref. 57). 
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Figure 19.- M a x i v  heating ra tes  and stagnation pressures f o r  
conical body during shallow b a l l i s t i c  entry; ( a )  stagnation 
point (ablat ing nose),  (b)  f lank ( a t  0 .7  of length po in t ) .  
( ~ r o m  Ref. 83. ) 
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Figure 20.- Comparison of typ ica l  shock layer  spectra  f o r  

Jovian and Earth en t r i e s .  
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Figure 21.- Schematic of ground t e s t  f a c i l i t y .  
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Figure 22.- Ground f a c i l i t y  t e s t  capab i l i t i e s .  
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Figure 23.- Comparison of t y p i c a l  shock-layer spectra f o r  

Varius planetary atmospheres with spectra f o r  ground 
t e s t  radia t ion sources. 




